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ABSTRACT
Nanoporous Gold Characterization, Structural Modification and Use as a Solid
Support for Biomolecule Immobilization
May 2014
Abeera Sharma, MS, University of Missouri-St. Louis, MO, USA
Advisor: Dr. Keith J. Stine
Nanoporous gold (NPG) has many technological applications owing to a plethora
of unique properties like large surface area to volume ratio, catalytic activity,
conductivity, plasmonic properties, stable gold-thiol bond formation and a wide range of
pore sizes. These properties have led to a surge in nanoporous gold research in the last
few years. Its ease of preparation and stability at room temperature makes it a perfect
solid support for biomolecule immobilization. In my studies, I have characterized the
surface morphology of nanoporous gold after pore size modifications as well as render
nanoporous gold a successful substrate for applications in glycosciences.
The surface morphology of nanoporous gold has been altered previously by
coarsening, thermal treatment and also by electrochemical roughening and studied using
scanning

tunneling

microscopy.

The

process

of

nanoporous

dealloying

to

increase/decrease the pore size by changing the deposition potential, type of acid for
selective leaching and the acid dealloying time has also been investigated. We provide a
novel electrochemical annealing technique for post dealloying modification wherein
electrochemical cycles in different electrolytes at positive potentials leads to a subsequent
1

increase in pore sizes of nanoporous gold studied using scanning electron microscopy.
This method proves to be an alternative technique for changing the pore size. There are
ample studies comprising electrochemical roughening of flat gold using these electrolytes
in similar conditions. Herein, we report that instead of annealing roughening occurs for
nanoporous gold when subjected to similar treatment, thus emphasizing the change in
behavior brought onto metals due to porosity.
Tailoring the surface of nanoporous gold allows us to characterize and study selfassembled monolayers of alkanethiols with carbohydrate moieties on them. The
orientation of these alkanethiols on nanoporous gold is not uniform due to the
interconnected framework of pores and ligaments and we try to offer a fair comparison
between flat gold and nanoporous gold to determine the surface coverage of these self
assembled monolayers. A comprehensive study involving different functional groups has
been performed along with mixed monolayers to determine the surface coverage wherein
protein affinity to the surface is enhanced as steric hinderance is reduced in mixed
monolayers. Carbohydrate-lectin interactions have been investigated on the surface of
nanoporous gold and flat gold.
Dendrimers (polyamidoamine generation 4 and 5) have been used as linkers due
to their multivalent interactions with carbohydrate moieties and characterized on the
surface of nanoporous gold and flat gold. Impedance spectroscopy and atomic force
microscopy techniques have been utilized to study dendrimers attached on the
nanoporous gold surface using coupling reaction. This study aims at providing a
comprehensive surface property analysis of nanoporous gold and to also offer a
comparison with the flat gold surface.
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Chapter 1 INTRODUCTION
1.1

Overview
This study is aimed at understanding nanoporous gold morphology and its

modifications by self-assembled monolayers of primarily carbohydrate presenting
derivatives capable of binding proteins. In an attempt to study nanoporous gold we
modify its morphology electrochemically and study the pore size distributions and draw a
suitable comparison of its electrochemical properties with polycrystalline flat gold. Selfassembled monolayers on nanoporous gold and flat gold are studied and compared.
Carbohydrate moieties on a variable length hydrocarbon chain terminated by a thiol
group are introduced onto nanoporous gold surface and also onto flat gold surfaces and
protein-carbohydrate interactions are investigated on each type of surface. Dendrimers
are used as linkers for efficient carbohydrate and biomolecule immobilization onto the
surface of nanoporous gold and flat gold. Chapter I provides a general introduction to
nanoporous gold and Chapter II highlights the methods used in the lab for our studies.
Chapter III describes structural modifications of nanoporous gold carried out using
electrochemical cycling and Chapter IV presents a detailed investigation of selfassembled monolayers on nanoporous gold and flat gold surfaces. Chapter V entails the
use of polyamidoamine dendrimers as linkers on nanoporous gold surfaces for efficient
immobilization of biomolecules on the surface by binding to carbohydrates.
1.2

Nanoporous metals
Porous metals have recently gained technological importance due to a plethora of

activities in which they are finding applications, like sensing, catalysis, fuel cells,
actuators, and microfluidic flow control.1-4 There have been various techniques applied to
21

study these nanoporous metals, namely scanning electron microscopy, atomic force
microscopy, transmission electron microscopy, x-ray diffraction, energy dispersive x-ray
analysis and others. The many methods used to form nanoporous metals include the use
of templates of lyotropic liquid crystal phases of anodized aluminum to create metal
nanotubes.5,6 Nanoporous metals are needed for specific applications, each of which
requires them to have a certain average pore sizes. Microfluidic flow control requires
nanoporous metals to have larger pore sizes (>100 nm) whereas for sensor applications
smaller pore sizes are required (<100 nm) It is easier to control the pore size using these
methods that create small nanotubular structures but with a disadvantage being the onedimensional porosity of the materials created.7 It is difficult using templating techniques
alone to access a wide range of desired length scale of porosity.8 The time and the
number of steps involved in implementation of templating techniques and their level of
difficulty makes them non-feasible techniques for formation of larger nanoporous metal
structures.
Nanoporous metals have been formed recently using a simple chemical or
electrochemical dealloying method. Dealloying is a common corrosion based technique
wherein one of the components of the alloy is selectively leached. This process was used
in ancient history by Indians of Columbian Central America and also by artisans from
Europe and the Near East to color artifacts.9 It has been traditionally used to make
catalysts, which possess higher surface areas such as Raney nickel. It is a method known
for some time but that has recently gained importance after the discovery that certain
metals develop nanoporosity when alloys containing them are dealloyed under set
conditions.10 Over the years several systems have undergone dealloying, namely Pt-Si,11
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Pt-Cu,12 Au-Zn,13 Cu-Au,14 and Ag-Au. The most successful system to emerge is the AgAu system because it leads to the formation of nanoporous gold.

8,15-20

Dealloying has

been previously studied using a corrosion diffusion-reordering model,9 a kinetic Monte
Carlo model

10

and also as a roughening transition model
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. Atomic scale observations

have been performed for the initial corrosion.22 Thus, recent focus on nanoporous metals
involves developing and understanding methods for preparing them.
1.3

Nanoporous gold
Nanoporous gold refers to a high surface area form of gold material that is porous

throughout its entire structure and wherein the pores are in the range of a few to several
hundred nanometers. There are new properties, both physical and structural that emerge
when dealing with such a nanomaterial.23 There is reduction in characteristic length
scales and an increase in the surface area to volume ratio. The physical and chemical
properties of nanomaterials can differ significantly from the properties of their
continuous bulk forms. Nanostructured materials act as bridges between bulk materials
and isolated atoms or clusters.
Nanoporous gold (often referred to as either NPG or np-Au) is an open spongy
ligamentatious structure, which is derived from the corrosion-like dealloying process,24
forming an interconnected network of pores and ligaments. It is usually formed by a
process known as dealloying, which is essentially selective leaching of the more reactive
metal from an alloy. The pore sizes of nanoporous gold can be varied by changing factors
including dealloying time, dealloying temperature or applied potential but are most
typically in the range of 10-200 nm. The pore volume depends on the amount of less
noble element present in the initial precursor alloy mixture. The relative ease of
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preparation of nanoporous gold without using expensive techniques like electron beam
lithography and its easy handling conditions led to its widespread study as a material.
There are other factors that make nanoporous gold extremely interesting, primarily due to
its structural and chemical flexibility. Nanoporous gold has undergone fast ion
bombardment to generate micrometer-sized patterns for further use in mechanical tests.25
There have been numerous attempts to control the morphology of NPG,25,26 the most
being coarsening of the ligaments and the pores either by thermal treatments or by acid
treatment for extended periods.8,27 Thermal annealing studies have been performed on
NPG films and beams at elevated temperature to study the porosity changes as well as the
pore size distribution across the sample, wherein it was found that the average pore size
increased for NPG films with a reduction in thickness and an increase in residual stress.27
Nanoporosity evolution due to dealloying has been widely researched. The NPG average
pore size increases on applying high temperatures, and can also change during acid
dealloying wherein factors like exposure time and type of acid play a major role. NPG
has also been exposed to electrolytes for extended periods of time.28
The large surface area of nanoporous gold as well as properties like
biocompatibility and pore size tunability makes it useful for many applications. It is
increasingly being used for catalysis,4 sensor applications 29 and as a substrate for enzyme
immobilization.30 Carbon monoxide oxidation can be catalyzed by nanoporous gold in a
similar manner as has been achieved using gold nanoparticles dispersed on oxide
supports and shows the enhanced catalytic activity of NPG despite the generally inert
nature of bulk gold.4 The three-dimensional structure of nanoporous gold allows
unrestricted electron and molecule mobility making it an excellent catalyst. The surface
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of nanoporous gold, which is formed by dealloying in acid treatment, is clean and
particularly desirable for surface electrode reactions. Corrosion problems are limited to
less noble metals and aggregation typically pertains to dispersed nanoparticles whereas
nanoporous gold does not encounter any such issues and its electrocatalytic properties
assume immense potential industrial importance.
Since the structure of nanoporous gold is a random and porous one, it is safe to
assume that cracks or fracture occurs also at the surface. The study of these cracks and
fractures has also assumed increasing importance.31 It is postulated that if microcracks
are formed on the surface of nanoporous gold during the fracture process, it can be
termed as ductile wherein the structure can be classified as brittle if the cracks are formed
before this fracture process.15 Despite a random structure this ductile-brittle nature is
exhibited over a characteristic length scale and it makes nanoporous gold a viable model
to study nanoscale mechanics.32 It has been previously established that nanoporous gold
can be fabricated into high strength nanowires which have porosity along with strength.25
Nanoindentation and column microcompression along with molecular dynamic
simulations have been used to ascertain that despite the porous structure, nanoporous
gold exhibits high theoretical yield strength (33-171 MPa) like its bulk material gold (10200 MPa).25
The significant stability factor plays a large role in making nanoporous gold a
candidate for enhanced tunable optical transmission. It is increasingly being used for
nanodevices and as a substrate for surface-enhanced Raman scattering studies.33 The
chemical inactivity coupled with the thermal stability makes it an attractive substrate for
scattering studies. Nanoporous gold typically has smaller pore sizes and rougher features
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on the surface which enhance electromagnetic fields and provides a high surface area
template to adsorb molecules.34 The nanopore size can also enhance molecular
fluorescence as well as to be excellent supports for enzyme or biomolecule
immobilization.35 The multiple attachments of the enzymes to the nanoporous surface as
compared to the free enzyme improve thermal stability and nanoporous gold could seem
to be an ideal candidate for enzyme electrode construction.
Nanoporous metals have also exhibited increased electrical resistivity as
compared to their bulk metals (Au, Ag, Cu). The three-dimensional nanoporous
structures allow tunability and of electrical conductivity and resistivity as is observed for
nanoporous gold when the surface is charged in presence of an electrolyte.36 The
magnetoresistance of nanoporous gold can also be altered by varying temperature as it is
seen to be low at low temperatures and is another important temperature dependent
aspect of nanomaterials.37
Nanomaterials in general and nanoporous gold in particular present a unique three
dimensional structure which shows potential application in a wide range of fields and
thus the mechanism by which such porous structure evolves is important.
1.4

Nanoporous gold formation mechanism
Nanoporous gold is formed by a corrosion-based method known as dealloying.

Pickering and Wagner argued that in a mixture of metals, for one or more from the alloy
to be selectively leached, there should be a particular mechanism.38 They assumed that
one of the three conditions should dominate in a binary alloy mixture.
•

In a binary alloy the more reactive metal dissolves in the solution leaving
the less reactive metal on the surface to aggregate.
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•

Both the metals ionize thereby dissolving in the solution.

•

The more reactive metal ionizes in the solution but atoms of both the
metals are on the surface and move due to diffusion. Other groups
confirmed this aforementioned condition in the formation of nanoporous
gold.

Forty et al. specifically studied the gold + silver alloy and concluded that the less
noble element, silver, ionizes and dissolves in the acid and the resulting structure is due
to

surface

redistribution

of

gold

atoms.

They

termed

this

the

corrosion

disordering/diffusion reordering model.9 Sieradzki et al. were instrumental in developing
a model based on

percolation theory using Monte Carlo simulations wherein they

recreated the nanoporous structure from a binary alloy mixture which retained its
properties of porosity, dealloying thresholds and intermediate compositions.39 Erlebacher
et al. developed a concrete continuum model which was fairly consistent with
experimental results.16 Nanoporosity was explained on the basis of the phase segregation
of the less reactive metal, which aggregates to form clusters or tiny islands (via spinodal
decomposition) and a concentration gradient forms that is perpendicular to the alloy
electrolyte interface. They show an increase in surface area when the surface is etched
and their simulations accurately predicted the nanoporosity evolution as seen on
nanoporous metals. Figure 1.1 (redrawn from reference 16) is an adapted model from
their paper explaining nanoporosity evolution through simulations. The model showed
that the nobler gold atom was found to aggregate with increasing time. Erlebacher also
performed Monte Carlo simulations to define nanoporosity occurring at the microscopic
level in nanoporous gold.10 He observed that there was diffusion of alloy components on
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the surface, which was site-dependent and also witnessed the more reactive metal being
selectively leached and site-dependent. The critical potential for dealloying is heavily
dependent on the composition of the alloy constituents. Passivation is a common
phenomenon, which is found when the dealloying critical potential value is not reached
and remained a mystery for a very long time. Renner et al. used an X-ray diffraction
technique to study structural changes occurring on the surface at a microscopic level in
situ.40

Figure 1.1.

(adapted from reference 16). Monte Carlo simulations explaining

nanoporosity in a binary mixture of alloy (Au- 10%, Ag- 90%). (a) The structure has
been passivated with gold except a circular region where we have the silver gold alloy.
(b) Cluster formation of gold atoms starts occurring near the center away from the sides
after 1 s and deepening of the pit begins. (c) The cluster formation has increased with the
gold majorly being cluttered in the center and the pit is further moving towards bulk gold
28

after 10 s. (d) The pit formation is even more pronounced and multiple pits have been
formed after 100 s.
A keen observation from Renner led to the conclusion that at higher potentials
gold tends to come together to form islands or craters, thus paving the way for formation
of nanoporous gold during the dealloying process. The determination of a critical
dealloying potential also denoted as Ec becomes important for understanding the reason
behind nanoporosity. There is variability in the range of values for critical dealloying
potential as it depends on namely two factors which are,
•

Surface diffusion leads to smoothing.

•

Surface roughening caused by dissolution.

When the potential is below the critical dealloying potential the less reactive or the noble
component, which is gold, is present on the surface and does not dissolve thereby
maintaining a stable planar interface. There is even evidence of a drop in current during
this time but the value does not reach zero. There have been studies of the potentialcurrent relationships below Ec by Wagner et al.41
The process of dealloying involves leaching as a consequence of oxidation of the
more reactive metal and coarsening of the less reactive metal due to surface diffusion.
However, complete dissolution of the more reactive element (Ag) becomes difficult and
some residual silver is trapped in the pores of nanoporous gold. Similarly some
dissolution of noble metal from the binary alloy can also not be ruled out and studies
have been conducted wherein copper dissolution is increased if the electrolyte contains
chloride.42 This is due to formation of copper chloride complexes at higher potentials.
Silver retention can be increased by changing the pH as has been demonstrated by Liu et
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al. who have specifically studied gold + silver systems.43 It has generally been found
from their studies that the change in dealloying potential leads to more silver remaining
in the nanoporous gold structure whereas when the pH is increased (0-5.2), silver is
trapped in the form of oxide (AgO) on the surface. The fact that the nanoporosity can be
affected by so many factors leads us to believe that making changes in our system can
lead to change in the pore sizes or the amount of gold on the surface and this control
over morphology makes nanoporous gold extremely interesting.
1.5

Advantages of nanoporous gold
Nanoporous gold has a number of advantages namely
•

The preparation of nanoporous gold is very simple (dealloying of a binary
alloy-mixture) and subtle variations allow us to control the pore
morphology to suit the intended application.

•

NPG has high surface area compared to conventional gold and shows high
catalytic activity.

•

The three-dimensional structure of interconnected pores and ligaments
renders it useful for electrocatalytic activity due to unblocked transport of
electrons in the ligaments and of substrates through the pores.

•

It serves a good template to study nanoscale mechanics due to the
formation of microcracks or fractures.

•

The ease of immobilization of biomolecules on its surface makes it a good
substrate for biosensors.
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1.6

Applications of nanoporous gold
Electrocatalysis. Electrocatalytic applications of nanoporous gold are many and

have gained widespread importance in the recent years. Wang et al. have made an
electrocatalyst using nanoporous gold, platinum and flat gold using a sandwich method
template which has been shown to have low loading of platinum, higher stability and also
poisoning tolerance.44 These are all requirements, which make this sandwich
electrocatalyst a highly performing formic acid electrooxidation catalyst. Jia et al. have
used nanoporous gold as a substrate on which to deposit titanium dioxide particles to
form a nanocomposite electrode using titanium dioxide and nanoporous gold.45 Methanol
photoelectrolysis under ultraviolet radiation showed reversible voltammetric responses on
the nanocomposite electrode. This was attributed to the interaction between gold and the
titanium dioxide particles. The activation energy for methanol electrooxidation was
reduced substantially (30%) due to the coupling between titanium dioxide and
nanoporous gold. Nanoporous wires have also been fabricated for electrocatalytic
activities to aid methanol oxidation as compared to current available catalysts. Platinum
and gold nanocomposites have been studied in detail to enhance and aid in
electrooxidation reactions. The surface of nanoporous gold shows additional stability and
enhanced electrocatalytic behavior when it has been modified by addition of platinum to
the surface. Scanning electron microscopy studies have confirmed this additional stability
being imparted to the nanoporous gold on platinum addition and such structures also aid
in the direct electrooxidation of ethanol.46 There are ways to deposit films onto
nanoporous gold. The under-potential deposition of copper is being used to first deposit
copper onto nanoporous gold and then to replace this copper with platinum.47 The
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interesting feature of this being that almost 6 layers of platinum is deposited without
changing the overall morphology of these platinum layers. The nanoporous gold and
platinum template as prepared by this method maintains the same crystallographic
structure despite having varying thicknesses. This kind of change on the nanoporous gold
increases its electrocatalytic activity substantially and is beneficial in methanol, ethanol
and carbon monoxide electrooxidation reactions.
Mechanical Properties. Seker et al. studied the surface modification of
nanoporous gold upon annealing.27 They measured mechanics of these free standing gold
structures, probing in detail the wafer curvature, nanoindentation and beam deflection.
The annealing temperature was found to be directly proportional to the density of the
nanoporous gold sample. The residual stress and the elastic stress also exhibited a gradual
increase upon increasing the annealing temperature, which was largely attributed to
densification of the sample. Seker et al. performed an extensive analysis of mechanical
properties of free standing gold beams before and after dealloying.48 They concluded that
the fractures seen in gold can be reduced substantially as well as the volume shrinkage
seen post- dealloying can be avoided when the sample is annealed. When their annealing
temperature was < 200 oC permanent buckling formation was absent from the sample. Jin
et al. have fabricated and tested a nanoporous gold structure capable of enhanced
ductility in compression tests.49 They demonstrated lower yield stress which could be
attributed to the fact that a polycrystalline microstructure with grain size > 10 µm was
formed. The structure remains uniform even upon plastic flow, which has been shown by
electron diffraction images. They also showed that these effects were mainly due to
lattice dislocations, which were larger than the ligament size, and thus ligaments were
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changing in each grain. The result was particularly important as dislocation cores were
based in the pore channels and these desirable qualities of nanoporous gold to adapt when
an external current is applied can play a huge role in self healing. Jin and Weissmuller
have fabricated a hybrid nanostructure which consists of a primary metal backbone with a
secondary component of an electrolyte that flows through it.50 On application of external
current due to applied potential yield strength, ductility and flow stress are enhanced
which allows selection of a material based on specifications of high material strength or
low ductile strength. Thus, tunability of the structural properties of the material allows
one to vary the mechanical properties as needed. Hodge et al. systematically varied the
ligament size of nanoporous gold and studied its mechanical properties.20 They were able
to generalize their conclusions as a) nanoporous gold based on their results of varying
density was a high yield strength material and b) the ligament size of nanoporous gold is
directly proportional to the fracture and rupture behavior. Biener et al. viewed
nanoporous metals as an interconnected network of pores and ligaments with high
strength which can form high strength nanowires
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possessing good mechanical

properties along with porosity. The mechanical properties of nanoporous gold were
studied

using

nanoindentation,

molecular

simulation

dynamics

and

column

microcompression. These studies led to an important conclusion that the theoretical yield
strength of gold (10-200 MPa) can be compared to nanoporous gold (33-171 MPa) which
makes it even further more interesting due to its porosity. Erlebacher and Mathur
measured the Young’s modulus of nanoporous gold and concluded that the ligament size
is inversely proportional to the Young’s modulus.51 The Young’s modulus was shown to
increase when the ligament size is decreased, especially below 10 nm. Hodge et al.
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studied other properties of nanoporous gold like elasticity by depth sensing
nanoindentation.52 Residual silver in nanoporous gold can alter these values dramatically
and the ligament size of nanoporous gold is not correlated with the elastic properties.53
Lee et al. used nanoporous gold leaf to design a dog bone shaped specimen (gauge length
being 7 µm, gauge length cross-section 100-300 nm, thickness varied from 99.8 ± 7.8
nm) with enhanced elastic stress of 9 GPa, residual stress of 65 MPa and yield stress of
110 MPa.54 Tensile testing and nanoindentation were used to measure these parameters
showing the structural modifications on nanoporous gold which can be performed to
enhance mechanical properties.
Plasmonic Properties. Nanoporous gold displays unusual optical properties. Yu et
al. reported that nanoporous gold membranes exhibit surface plasmon resonance.33 They
tried to detect charged dendrimers assembled on the surface using a layer by layer
assembly technique and the nanoporous gold membrane templates showed increased
sensitivity, useful in detecting similar reactions in biorecognition. They also compared
the optical and plasmonic properties of nanoporous gold with those of thermally
evaporated gold films.55 The surface area determinations were made using cyclic
voltammetry and electrochemical impedance spectroscopy, which go on to establish the
result that the nanoporous gold surface area was 4-8.5 times greater than that of gold
films. Biotinylated anti avidin IgG and avidin were immobilized using a layer by layer
self-assembly process on nanoporous gold and gold film and studied using localized
surface plasmon resonance and scanning electron microscopy. The localized surface
plasmon resonance measurements showed that the response also depends on the
efficiency with which the layer penetrates into the nanoporous gold and thus porosity
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plays a role in the signal intensity. Optical devices at the nanoscale rely on light intensity
changes in a specified region (small volume) and localized surface plasmon resonance of
nanoporous metals has assumed increasing importance. Qian et al. used atomic layer
deposition technique at room temperature to deposit alumina onto a nanoporous gold
surface.56 This led to formation of nanoporous gold with refined pores in the range of 7
nm with a uniform coating of alumina film on the surface which had a relative thickness
of 1.4 nm. Localized surface plasmon resonance measurements show a red shift in the
transmittance spectra and this shift is dependent on the thickness of the alumina film on
the nanoporous gold. The plasmonic properties of this nanocomposite comprised of
nanoporous gold and alumina was probed further and it was determined that the localized
surface plasmon resonance intensities in the transmission spectra varied with the alumina
film thickness.57 A red shift of 92 nm was recorded by varying the film thickness and this
optical tunability along with the improved stability of nanoporous gold and alumina
structure provides a suitable template to be used in nanodevices for enhanced
performance and stability. It is important to retain the structural conformity of
nanostructures when probing their plasmonic properties and it becomes important then to
find means to modify the surfaces without compromising their structural integrity. Pore
size changes, changes in three dimensional porous structure, and aggregation of
nanoparticles are phenomena that can be studied using surface plasmon resonance.
Kucheyev et al. investigated surface plasmon resonance signals with respect to pore
widths and found that the largest signals at 632.8 nm were seen for pore widths of
approximately 250 nm.58 The surface plasmon resonance dependence on pore widths is
attributed to field localization within pores. Dixon et al. prepared films with varying
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thickness using a selective leaching dealloying process and controlled the amount of
silver being removed from the surface.59 They formed a self-assembled monolayer of 4flurobenzenethiol that showed a characteristic change in signal enhancement with varying
film thickness. Higher peak intensities were seen by Chen’s group for molecules on
nanoporous gold of smaller pore size rougher surface features.60 The rougher surfaces
were shown to have a pronounced effect on surface plasmon resonance measurements.
The ligament and nanopore size ratios can also be successfully tuned for enhanced
signals and thus it was concluded that small structural changes in nanoporous gold can
lead to higher intensities in localized surface plasmon measurements.
Enzyme Immobilization. Qiu et al. investigated nanoporous gold as a substrate for
enzyme immobilization by a process of physical adsorption.30 Enzymes like laccase, or
horseradish peroxidase were immobilized onto nanoporous gold of 100 nm thickness and
further investigated. Stability studies were performed on the immobilized enzyme and
compared with the free enzyme and it was shown that the interaction between the
nanostructure and the enzymes lead to enhanced thermal stability. The sensing properties
and physicochemical properties of such electrode + enzyme combinations are very
promising. Nanoporous gold owing to its high surface area is an excellent support
material for electrochemical sensors. Nanoporous gold was used for the study of redox
behavior of p-nitrophenol using cyclic voltammetry.61 The redox waves were nearly
symmetric and unaffected by the isomers of p-nitrophenol. Thus, it can be used for
detection of this compound in waste water. Ge et al. have demonstrated that nitrite
oxidation can be studied using nanoporous gold leafs.62 When the nanoporous gold leaf
was used as the electrode the nitrite ions were shown to be nearly independent of pH in
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the range of 4.5-8, which was markedly different from that when gold was being used as
an electrode. Biener et al. have shown that nanoporous gold owing to its high surface
area can be used in surface chemistry driven actuator devices.63 Gold and platinum
nanocomposites can withstand surface stress due to their large specific area and show
promise for use in large strain electrochemical actuators. Usually in biological sciences
actuators have been powered by chemical energy being derived but use of nanoporous
materials in man-made actuator technologies is also being realized now with nanoporous
gold proving to be an excellent material for the same.
1.7

Self-assembled monolayers
Self assembled monolayers (SAMs) have gained importance in the last 25-30

years with envisioned applications as well as application of new and sophisticated
methods to study molecular assemblies on substrates.64 The first mention of self
assembled monolayer assembly can be traced back to Zisman in 1946 wherein he formed
a single layer of surfactant on a clean metal surface.65 There were also earlier studies on
using chlorosilane derivatives on glass substrates but after Nuzzo and Allara studied
alkanethiolates on gold by adsorption using disulfides the field has gained increasingly
more importance.66 The ease of preparation of alkanethiolate self assembled monolayers
on gold from dilute solutions coupled with the attractive gold thiolate bond chemistry has
made them the most-investigated type of self-assembled monolayers. The mechanism for
the formation of self-assembled monolayers on surfaces seems complex and has been
widely investigated using multiple techniques and many different molecules.67 It is the
general self-assembly of molecules near a surface that causes SAM formation. Selfassembly phenomenon on surfaces provides us with a unique prospective to study
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interfacial properties and structure property relationships. SAMs are very flexible in the
sense that we can tune the head groups or tail groups to suit specifications and the study
of the SAMs 68 can help us gain fundamental knowledge of phenomena such as adhesion,
lubrication, wetting and corrosion. Since we can increase molecular complexity in the
SAMs, they serve as models to understand surface reactions and also as pathways to
understand assemblies for three-dimensional structure. The fabrication of SAMs is done
primarily using self-assembly onto the surface from solution.

Figure 1.2. (adapted from reference 65) Self-assembled monolayers are formed by
immersion of a substrate for a time (usually hours) in a solution of surface-active
materials. The forces, which lead to the formation of monolayer, are intermolecular
interaction and chemical bond formation with the molecule on the surface.
Sulfur and selenium can form multiple bonds on the surface due to the formation
of surface clusters.69,70 There has been an upsurge in studies involving surface-active
organosulfurs on the surface of gold in the past 25 years. Di-alkyl sulfides,71 di-alkyl
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disulfides,66

thiophenes,72

cysteines,73

xanthates,74

thiocarbamates,75

mercaptoimidazoles,76 and thioureas77 have been studied as sulfur-containing surface
active materials for SAM formation.
Alkanethiolate SAMs on gold surfaces remain the most heavily investigated
systems. This can be attributed to the fact that gold does not form a stable gold oxide due
to which the surface of gold can be cleaned simply by removing the physical
contaminants which involves rinsing with water and ethanol. King, however, formed a
layer of gold oxide of 17-18 Å thickness which was relatively stable and did not rinse off
after water and ethanol washing.78 These organosulfur compounds also exhibit SAM
formation on other metals like silver, platinum, copper etc., but thiolates on Au (111) are
the most researched SAMs. Numerous studies have been performed to determine the
driving force or kinetics of such adsorptions. It has been shown experimentally that in
dilute solutions used to form a SAM (10-3 M) as two very different kinds of adsorption
kinetics are present.79 The first one is a fast reaction where SAMs are adsorbed onto the
surface in a few minutes and contact angles approach their limiting values and the
monolayer thickness attains 80-90% of its maximum theoretical value.79
The second step is the slow step, which takes hours, after which the thickness and
the contact angles reach their final limiting values. The first step has been found to be
heavily dependent on thiol concentration by diffusion controlled Langmuir adsorption.
When the thiol concentration was varied from 1 mM to 1 µM the first step which at 1mM
needed only 1 min for the SAMs to adsorb onto the surface on a decrease in
concentration of 1 µM required 100 min.79 The second step is more of a reorganization
step during which the thiol molecules rearrange themselves and reorient to form a two-
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dimensional crystal structure. Thus, one can conclude that the kinetics of the first step is
influenced by the surface-head group reaction and the electron density of sulfur
molecules plays a determining role in the SAM formation. The second step, however, is
the reorganization depending upon the interactions between the chains (dipole-dipole,
van der Waals interaction) and the ease with which the thiol molecules can move on the
surface of the metal.
Chains of varying length have been studied on metals and it has been found
experimentally that longer alkyl chain lengths take less time to reorganize on the surface
which can be attributed to an increase in the van der Waals interactions between the alkyl
chains.80

XPS measurements,81 X-ray adsorption fine structure82 as well as second

harmonic generation techniques83 have been applied to determine the mechanism of
SAM formation and these techniques have all confirmed the two step kinetic process.
However, the length of the alkyl chains makes a difference in the second step for short
and long alkanethiolate molecules due to the van der Waals interaction between the alkyl
chains, which decreases for chain lengths (n) greater than 9. Since the second step is a
reorganization step, the presence of a bulky group imparts steric hindrance and the
kinetics is slowed due to it. tert-Butyl mercaptan and n-octadecyl mercaptan have been
studied and compared for SAM formation onto gold surfaces from dilute solutions in
ethanol.
It has been long postulated that self-assembled monolayers of dialkyl disulfides
on polycrystalline gold surface form gold thiolate (RS-) species as given in equation
1.1.84
𝑅𝑆 − 𝑆𝑅 + 𝐴𝑢!!    → 𝑅𝑆 ! 𝐴𝑢! . 𝐴𝑢!!
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(1.1)

Comparisons between disulfides and thiol adsorption onto gold has also been studied and
indicate that molecule replacement from thiol SAMs are faster as compared to the
disulfide SAM.84 Asymmetrical disulfides were investigated on gold surfaces and the
SAMs formed by them were equivalent to those formed from a mixture of the two
separate thiol species. Groups have been trying to remove disulfides from gold surfaces
and replace them with thiolate species. Mohri et al. observed that 4-aminobenzenethiol in
the presence of powdered gold was oxidized to 4,4’-diaminodiphenyl disulfide.85 Fenter
et al. have studied alkanethiolate SAMs on Au (111) and used dimerization of
alkanethiolates in order to assemble disulfides on the surface.86 Such a reaction can be
written as in equation 1.2 in the absence of oxygen species.87,88
!

                                                              𝑅 − 𝑆 − 𝐻 +    𝐴𝑢!! → 𝑅 − 𝑆 ! − 𝐴𝑢! . 𝐴𝑢!! + ! 𝐻!

(1.2)

The evolution of hydrogen makes the reaction exothermic (-5 kcal mol-1). XPS,89 Fourier
transform infrared spectroscopy (FTIR),90 electrochemistry 91 and Raman spectroscopy 92
have all confirmed the formation of the RS- ion. 40 kcal/mole is the approximate bond
strength of the sulfur attachment to gold as determined from the bond energies based on
the reaction in equation 1.2.69
There have been various studies of stability of alkanethiolate SAMs on
polycrystalline gold. Hickman et al. observed that there was some SAM desorption from
the surface when ferrocenyl alkanethiolate SAMs were immersed in hexane.93 Collard
and Fox however tried soaking the SAM in ethanol and found the SAM to be stable.94
Zhong and Porter studied bond cleaving mechanisms for thiol and disulfide adsorption
onto gold.95 Their study established that S-C bond breakage in organosulfides (R-S-R) is
similar to the S-S cleavage in disulfides and S-H cleavage in thiols, all resulting from
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dissociative chemisorption. Expanding on such bond cleavage studies Schenloff et al.
observed that C-S bond breakage occurs less in the SAMs adsorbed onto gold surfaces.96
There have also been reported temperature studies to determine the stability of SAMs on
surfaces. Nuzzo et al. varied temperature from 170-230 oC and detected the SAM
cleavage from the surface reported as loss of sulfur in a hexadecanethiolate SAM.93 They
further studied methanethiolate SAMs on Au (111) and observed the SAM cleavage in
the temperature range of 220 oC.90 Temperature variation has seen loss of sulfur from
alkanethiolate SAMs by various groups and thus an increase in temperature can be
related to SAM cleavage.
There have been further studies of the geometry of SAM packing on the gold
surface. Atomic force microscopy
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and helium diffraction studies

performed to this end along with scanning tunneling microscopy
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have been

. Alkanethiolates on

gold surfaces have been shown to have hexagonal packing of the sulfur atoms with the SS distance being 4.97 Å. Docosanethiol monolayers were studied on Au (111) and were
shown to have a √3 x √3R 30o overlayer.97 This structure has been confirmed to
conforming to the gold lattice structure. Figure 1.3 shows the packing of thiol molecules
on flat gold. Scanning tunneling microscopy has shed more light on the mechanism of
SAM packing and its structure on gold surface. Butane thiolate and hexane thiolate
monolayers were studied on gold surface at room temperature and they found evidence
for a two dimensional liquid phase which was absent for longer chain alkane thiolates
like octane thiolate and decane thiolate.99
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Figure 1.3. a) Schematic representation of thiol molecules on flat gold with ϴ and ψ
being the tilt angle and twist angle for the SAM. b) Model of alkanethiol monolayer onto
gold surface with the rectangular box depicting a c(4 x 2) superstructure.
Their study went on to prove the hypothesis that longer chain alkanethiolates formed
densely packed monolayers on a gold surface with a c(4 x 2) lattice of √3 x √3R 30o.
Scanning tunneling microscopy (STM) studies also suggest that there is mobility
in the gold atoms in the 2-D liquid phase which goes on to show that the mechanism of
monolayer formation is not only dependent on the kinetics of the two step process but
also the adsorption or desorption of gold atoms which becomes equally important in the
organization of a monolayer.99 Evidence has been found for gold being present in
alkanethiolate solutions after monolayer adsorption and this gold comes from single
atomic deep pits or terraces as confirmed by scanning tunneling microscopy studies.100,101
Formation of defects and migration of thiolate bonds between them also give a general
idea about the packing of thiolates in a monolayer. Thiolate solutions in ethanol have
been found to form an ordered monolayer on the surface of gold.79 There are instances in
which the thiolate atom bonds to a gold atom forming a neutral bond of the form (RS-Au)
and this bond before moving to the defect site due to migration might desorb into the
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solution. This process is called etching of the monolayer and has been observed on gold
surface by scanning tunneling microscopy.101
1.8

Applications of SAMs as biosensors
The ease of SAM preparation with desired functionality and the stable gold

thiolate bond chemistry provides room for applications like chemical sensing ,102 single
electron transistors ,103 semiconductor passivation,104 etc. The functional groups on the
SAMs can be modified as desired and this produces scope in the field of nanotechnology
for their usage in biosensors as the nanoarchitecture can be controlled wherein we can
attach biomolecules to semiconductors or metal clusters.105 There has been an increase in
the demand for biosensors lately and the use of nanomaterials has increased due to their
aiding in miniaturization of biosensors wherein particular qualities are desired. Ease of
miniaturization, compatibility with electronic components, and faster response time to the
analyte molecules are needed for advancing biosensor fabrication. SAMs on metal
surfaces like gold and silver seem particularly applicable for these needs for biosensor
development.106,107 SAMs form highly ordered surfaces and thus miniaturizing them
becomes easier. Since SAMs are formed on metals like gold and silver, electrochemical
measurements can be performed. Immobilization of a biomolecule such as an enzyme or
antibody becomes easier on the SAM surface which can be tailored to fit desired needs.
SAMs can provide an excellent template for mimicking the cell surface recognition
reactions. For example, the cell surface is highly decorated with lipid and protein-bound
carbohydrates that interact with proteins and such interactions can be tailored on SAMs.
The chemical stability of the biomolecules on the SAM surfaces long after enzyme and
protein immobilization is an additional point which makes SAMs on metal surfaces
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useful for biosensor development. SAMs serve as an efficient intermediate layer between
the metal contact surface and the analyte solution. Immobilization of biomolecules can be
tailored specifically to the SAM surface and both biomolecule sensitivity and selectivity
plays important roles in making an effective biosensor.108 With the ease of formation of
SAMs, which requires immersion of the metal substrate for a given time (usually few
hours), the only issue is the maintenance of the biological activity of the enzymes or
proteins under investigation. Schonherr et al.109 and Dermody et al.110 used receptor
molecules in monolayers in order to detect specific interactions due to the formation of
complexes as a result of host-guest interactions. There are many immobilization
strategies employed as depicted in Figure 1.4.111

Figure 1.4. (adapted from reference 109) Biomolecule immobilization techniques a)
physical adsorption by electrostatic interactions, b) covalent immobilization, and c)
affinity interaction.
•

Covalent immobilization using terminal amine groups or by using cross-linking
mechanisms which result in the formation of a stable amide linkage.

•

Physical adsorption onto the surface, which is noncovalent in nature where the
driving forces, are electrostatic, hydrophilic and hydrophobic interactions.
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•

Affinity interaction wherein the receptor proteins are immobilized by antigen
antibody pairing or are labeled with biotin. The latter will bind strongly to surface
attached avidin (or vice versa), which is a unique example.

There are various advantages of using SAMs for biosensor fabrication. SAMs are easy to
prepare and they provide a cell surface like environment on which to study enzymes and
proteins. The immobilization of enzymes and proteins can be done effectively as the end
groups of the SAMs are tailored to suit specific immobilizations. SAMs provide an
excellent interface between the metal surface and the solution layer for reliable
electrochemical measurements. It is easier to study and probe surface interactions using
techniques like atomic force microscopy and scanning tunneling microscopy. There are
also a handful of limitations of using SAMs for biomolecular recognition processes.
Changes in pH or temperature can lead to loss of protein activity and thermal stability is
essential for SAMs to not oxidize on the surface. Presence of contaminants on SAMs can
also form a blocking layer for the interactions between the recognition sites and analytes
in solution.
1.9

Immobilization of biomolecule on self-assembled monolayers
Biomolecule immobilization on SAMs has been attempted by various means.

Functional groups present on the surface of solid supports like carbon, platinum and gold
offer an environment for covalent attachment of proteins or enzymes using covalent
linkage. Titanium oxide and tin oxide can present hydroxyl groups on their surfaces,
which can couple with organic materials.112,113 Carboxylic or amine groups can be
generated on solid supports which are pretreated to incorporate hydroxyl groups114 which
are then activated for biomolecule immobilization. Carboxylic acid groups are converted
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to an active ester by reaction with carbodiimide reagents,115 or to a mixed anhydride by
reaction with simple anhydrides,116 or to acyl halides using thionyl chloride.117 This is
done before protein or enzyme exposure to the surface because the lysine moieties in the
protein will react with activated esters to form amide linkages. It is also important to have
a certain amount of surface coverage with carboxylic groups because it has been
estimated that a minimum of 10 carboxylic groups are required for coupling with a given
protein.118 Labeling and X-ray experiments determined the minimum distance between
carboxylic groups on the solid surface to be of the order of 5 Å.119 An increase in the
number of activated sites on the surface also led to an increase in the protein
immobilization on the surface. Alkanethiolate SAMs with terminal carboxylic acid
groups can also be applied for covalent attachment of proteins with the solid substrate
being pretreated for attachment of the desired functional group including acids or amines.
Covalent linkage to the terminal carboxylic acid or amine groups of SAMs on
metal gold substrates involved reaction with the lysine residues and glutaric/aspartic
residues of proteins and enzymes respectively.120,121 In order to have a stable layer of
protein on the surface, the SAM is first formed and then the protein layer is added by
means of covalent attachment. The alkanethiolate chain length was considered following
reports of desorption from the surface of gold and longer chain lengths were preferred.122
A cystamine monolayer was formed on the surface of gold and lysine residues of the
protein were covalently attached by the formation of a Schiff base between the amines
and carboxyl groups.123 Covalent attachment is a preferred method of protein attachment
onto solid surfaces as direct adsorption leads to denaturation of proteins on the surface.
Multilayer protein arrays have been constructed using an initial layer of enzyme linked to
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the solid substrate. The solid substrate can also undergo chemical reactions stepwise for
immobilization of proteins. These include nucleophilic substitution reactions that tether
the surface to specific enzymes.124,125
Electrostatic, hydrophilic and hydrophobic interactions are also investigated as
non-covalent approaches for protein immobilization. Short chain alkanethiolate
molecules were assembled onto gold surfaces leading to defect sites wherein adsorption
of the enzyme fumarate reductase occurred leading to the formation of an enzyme
electrode.126 Lipids have been transferred to hydrophobic substrates by the LangmuirBlodgett technique.127 Thiols have been functionalized with polypeptides and lipids to
form a semisynthetic proton pump system.128 Electrostatic interactions when coupled
with hydrophilic interactions have led to strong protein linkages which are irreversible in
nature, like cytochrome c on 16-sulfonylhexadecanoic acid monolayers on gold
surfaces.129 Affinity interactions wherein a receptor protein is recognized by its
recognition pair or antibody-antigen interactions is also a method for protein or enzyme
immobilization onto a substrate.130 Due to the multivalency of receptor proteins complex
arrays of proteins can be tailored to suit specifications.
1.10

Carbohydrate-lectin interactions
The cell surface is decorated with carbohydrates or their conjugates with other

biomolecules: lipids, peptides or proteins. Most of the interactions with lectins occur
through these glycolipids, glycoproteins or polysaccharides, such as glycosaminoglycans.
The reactions, which occur at the cell surface, are complex in nature and difficult to
study. The weak binding between carbohydrates or glycoconjugates and lectins along
with the complexity of the structure of carbohydrates make carbohydrate-lectin
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interactions relatively difficult to study. Lectins possess shallow binding pockets due to
their typical weak binding interaction with carbohydrates.131,132 However, nature has
overcome this defect, by multivalency or binding to multiple units of the carbohydrate on
the cell surface by protein receptors possessing multiple carbohydrate binding
domains.133 Carbohydrate-protein interactions have already been studied for a number of
carbohydrates recently.134,135
The nature of binding between carbohydrates and lectins can be limited to a
certain region of the lectin containing sugar recognition domains, which contains about
200 amino acid residues. Most of the lectins occurring in nature are also similar to each
other and hence can be grouped together. Lectins are derived from either plants136 or
animals.137 Lectins derived from animals can typically be grouped in five different
categories, namely galactose binding galectins, calcium dependent or C-type lectin, Itype lectins, P-type lectins, which include mannose phosphate receptor, and L-type
lectins related to plant sequences.137 Since lectins share similar sequences of amino acids,
they have immense structural similarity. Weis and Drickramer summarized the lectin and
carbohydrate binding domains in the lectins in detail.138
Hydrogen-bonding is one of the driving forces for the binding of lectins to
carbohydrates.138 Such cooperative hydrogen-bonding, where the hydrogen atom from
the OH groups acts both as the H-bond acceptor and the H-bond donor, is common to
carbohydrate-lectin binding. There is a tetrahedral symmetry of the oxygen atoms in the
OH group as it is sp3-hybridized and comprised of two lone pairs of electrons and a
proton. The OH group can thus donate the hydrogen bond or it can accept two hydrogenbonds. Apart from this, side chains of proteins are also involved in forming hydrogen
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bonds with carbohydrate moieties.138 Amide side chain units like those in asparagine and
sometimes glutamine also function as hydrogen bond donors whereas the acidic side
chains function as acceptors. Divalent cations are also required by certain lectin classes
for proper functioning. Ca2+ and Mn2+ units are required by Con A (a lectin specific to
mannose and glucose residues) to fix the amino acid residue positions for interactions
with the sugar unit.138

Figure 1.5. Protein data bank structures of a) concanavalin A (PDB:3CNA) and b)
peanut agglutinin (PDB:2dvd)
The role of Ca2+ is to form coordinate bonds with the carbonyl oxygen of
asparagine wherein the NH2 group also serves as hydrogen bond donor to the sugar.
Thus, the role of the calcium ions is to form a binding site for the sugar moiety. The Mn2+
ion does not fix positions for sugar binding, but it is rather involved in forming binding
pockets for Ca2+ binding. When the sugar binding to the lectin occurs, very few
conformational changes in the lectin are registered. High affinities have been recorded for
lectin binding with polysaccharides due to multiple binding units with more than one
binding site making contact with the lectin through bridging water molecules.138
Study of lectin-carbohydrate systems have generated widespread interest today
with the emergence of glycoarray technology wherein lectin carbohydrate interactions are
mapped on a larger scale having increased importance.139,140 Self-assembled monolayers
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present a highly ordered surface on which to study lectin-carbohydrate interactions at the
nanometer level.
1.11

Dendrimers as linkers
Dendrimers are synthetic macromolecular compounds that are highly

branched.141,142 They have a core unit with alternating branches spreading out of the core.
They are synthesized using two techniques. One is the divergent technique143 wherein
one starts from the core towards the periphery. The other mode to obtain dendrimers is
the convergent technique

144

wherein one starts from the periphery and works into the

core. The branching units of a dendrimer are usually repeated and the monomers that
make the dendrimer are generally ABn units. Dendrimers are classified in terms of
generation with each higher generation having more number of repeating units.
Dendrimers, especially those of higher generations, have been found to be close to
spherical.145 Figure 1.6 illustrates the generation 4 and 5 polyamidoamine dendrimer.146

Figure 1.6. (adapted from reference 144) A) Schematic representation of a dendron, B)
Three-dimensional structure of polyamidoamine (PAMAM dendrimer) generation 4 with
64 terminal NH2 groups, and C) PAMAM generation 5 dendrimer with 128 terminal NH2
groups.
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Dendrimers are usually used as carrier systems for studying biological
processes.147 They are easy to synthesize and many are commercially available; their
peripheral groups can be tuned as per the desired specificity and they can bind to multiple
units due to the large number of functional groups present at its surface. Dendrimers are
increasingly being used as DNA carriers and in drug delivery systems.148 Dendrimers
have also been utilized to study lectin-carbohydrate interactions due to their
multivalency. Lectin binding to carbohydrate results in weak affinities but they get
amplified when multivalent interactions are achieved.149 Thus dendrimers present a site
wherein a large number of carbohydrate units can be trapped for protein binding. There
have been other frameworks that have been utilized for such studies but dendrimers are
extremely attractive because of low polydispersity and size which is typically in the range
of small glycoclusters and large glycopolymers.150 Size variation of dendrimers based on
the generation of dendrimer being used is another attractive feature for using dendrimer
as a framework for studying protein carbohydrate interactions.
Mannose functionalized dendrimers were studied and the 5th generation dendrimers
(170 mannose units) was found to be twice as active as the 4th generation
dendrimers.151,152. Loading capacity of the mannose units were studied for 4th through 6th
generation of dendrimers and a maximum loading capacity of 30-50% was established.
Dendrimers have also prove to be more efficient when interacting with peanut lectin and
mouse monoclonal IgG antibody than T-antigen monomer.153 Lactose-functionalized
PAMAM (polyamidoamine) dendrimers have been studied using light scattering
experiments and the sugar units were found to be surface bound rather than located in the
interior.154 Glycodendrimers have been utilized for drug delivery applications because of
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their ability to bind small molecules as well as interactions with plant lectins. Dendrimers
are being modified heavily for use in different biological systems. They find applications
in detection of protein-carbohydrate interactions, gel formulation, as MRI contrast agents
targeting, and in drug and gene delivery systems.155,156
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Chapter 2 MATERIALS AND METHODS
2.1

Materials
Gold wire (0.2 mm diameter, 99.99%) was obtained from Electron Microscopy

Sciences (Fort Washington, PA) and concanavalin A, peanut agglutinin, were purchased
from Sigma Aldrich (St. Louis, MO). Sodium carbonate (enzyme grade, >99%), Nhydroxysuccinimide (NHS) (≥ 97%), potassium phosphate (99.6%), sodium phosphate
(ACS grade), sulfuric acid (certified ACS plus), nitric acid (trace metal grade), hydrogen
peroxide (30%), were purchased from Fisher Scientific (Pittsburg, PA). Potassium
dicyanoargentate (K[Ag(CN)2]) (99.96%) and potassium dicyanoaurate (K[Au(CN)2])
(99.98%), ethanol (HPLC/spectrophotometric grade), acetonitrile (HPLC grade), lipoic
acid, N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC) (>99%),
8-mercapto-1-octanol (99%), octanethiol (98.5%), decanethiol (96%), dodecanethiol
(98%), tetradecanethiol (98%), mercaptododecanoic acid (99%) and mercaptoundecanol
(97%) glycine (99%), sodium hydroxide (99.99%), sodium nitrate (99.99%), potassium
chloride (99.99%), sodium perchlorate hydrate (99.99%), trizma base (Sigma-Aldrich,
99.9%) polyamidoamine generation 4 (10 wt/wt%) and generation 5 (5 wt/wt%) were
purchased from Sigma–Aldrich (St. Louis, MO). No further purification of the reagents
was required. Milli-Q water (18.2 MΩ) was used to prepare aqueous solutions. Thiolated
glycosides 8-mercaptooctyl α-D-mannopyranoside (Man-C8-SH)), 12-mercaptooctyl αD-mannopyranoside (Man-C12-SH)), 8-mercaptooctyl α-D-galactopyranoside (Gal-C8SH)), 12-mercaptooctyl α-D-galactopyranoside (Gal-C12-SH)) and 8-mercapto-3,6dioxaoctanol (HO-PEG2-SH) were synthesized in the Demchenko laboratory.
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2.2

Preparation of nanoporous gold
The gold wires (0.2 mm diameter and 5 mm in length) were thoroughly cleaned

by putting them in piranha solution (4:1 H2SO4: H2O2 (30%); note: as piranha reacts
vigorously with organic solution suitable caution should be exercised), for 10 min
followed by rinsing them in Milli-Q water (resistivity > 18.2 MΩ cm). The gold wire was
wrapped around the end of a copper wire (6 cm), which was subsequently knotted and
fitted through a disposable pipette tip so that the gold wire emerged from the small tip
opening. The disposable pipette tip was chosen (Fisher Scientific, 1000 µL) in size to fit
into the electrochemical cell assembled inside a glass vial covered by a Teflon cap with
access holes for the working, reference, and counterelectrode. Teflon tape was used to
shield the copper wire from the solution and 5 mm of the gold wire was allowed to be
exposed to the solution. An alloy of gold and silver was electrodeposited on the gold
wire at -1.0 V (versus Ag|AgCl) for 20 min (due to the shell like morphology of NPG
achieved at this deposition voltage, and the time was chosen to generate a larger surface
area after dealloying) in a three-electrode electrochemical cell. The electrodeposition
solution consisted of 6.3 mL of 0.05 M K[Ag(CN)2] and 2.7 mL of 0.05 M K[Au(CN)2]
(dissolved in 0.25 M sodium carbonate) to give a total composition of 70% Ag and 30%
Au in the 9.0 mL solution volume. Electrodeposition was carried out with gold wire as a
working electrode, platinum wire as a counterelectrode, and Ag|AgCl|KCl (saturated) as a
reference electrode using a PARSTAT 2273 potentiostat and the PowerSuite software.
The alloy deposited on the gold wire was dealloyed in concentrated nitric acid for 24 h.
After dealloying, the nanoporous gold covered gold electrode was rinsed copiously with
Milli-Q water (18.2 MΩ cm) for a minimum of 20 minutes and then kept in ethanol for
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30 minutes to remove any trace nitric acid trapped in the pores as well to reduce any gold
oxide which might have been formed on the surface.1
The nanostructured gold film used for localized surface plasmon resonance (LSPR)
has been prepared by electrodeposition onto ultra flat gold surface using 50 mM
K[Au(CN)2] at a deposition potential of -1.2 V for 60 s and -1.6 V for 30 s at room
temperature. The ultra flat gold surfaces were prepared in the following manner
•

Glass slides (1 cm x 1.25 cm) were cleaned in piranha solution (4:1 H2SO4:H2O2)
for 45 min followed by thorough rinsing with Milli-Q water and methanol and
oven drying for 30 min at 150 oC. This is done in order to ensure the glass slides
are without contamination.

•

Silicon wafers (3” diameter) are also cleaned using Milli-Q water and methanol
and dried in the oven for 15 min at 125 oC.

•

Gold is sputtered onto silicon wafer for 20 min using a gold sputterer at 30 mTorr
vacuum and current at 10 mA. The thickness is approximately 200 nm as
confirmed from scanning electron microscopy images.

•

The glass slides, which had been previously cleaned, are now attached to the
sputtered gold on the silicon wafer using epoxy glue.

•

After curing at 150 oC for 2 hour, the glass slides are carefully removed using
tweezers and a layer of ultra flat gold is formed.

2.3

Nanoporous gold characterization
Scanning Electron Microscopy (SEM). Scanning electron microscopy provides

information about the top layer of a surface (1 µm). There are many advantages of using
SEM over other surface probing methods.157
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•

It has a large field depth and thus surface roughness is not an important factor for
SEM measurements.

•

High magnification images can be processed quickly with the resolution down to
as small as 1 nm.

•

There is a possibility to switch between imaging modes to enable knowledge of
other surface parameters like composition, structure, electrical properties etc.

•

The studied specimen is not destroyed and can be reused.

•

The specimen loading and time for preparation is comparatively low as compared
to transmission electron microscopy.

In SEM incident electrons typically with energies ranging from 2-40 keV are released
from an electron gun onto the sample surface in vacuum and the interaction of the
electrons with the sample leads to the production of backscattered, secondary, Auger
electrons along with X-ray and light. These electrons are collected with the help of
various detectors located on the machine and image magnification is dependent on the
raster side length of specimen ratio to monitor display side length.
Surface morphology of NPG as well as the annealed NPG was characterized using
scanning electron microscopy (JEOL JSM-6320F field emission SEM). The accelerating
voltage used for our system was 5 kV and the working distance was 8 mm. The surface
area of nanoporous gold was determined by the gold oxide stripping method by scanning
between 0 to 1.6 V and back in 0.5 M sulfuric acid at scan rate of 100 mV sec-1. The
values for the surface area of gold was determined using a reported conversion factor of
450 µC cm-2 and the area under the reduction peak was integrated to give the estimated
value.158 Other structural studies have found that upon an anodic sweep to a positive, but
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not too high potential, gold surfaces will form a monolayer of gold oxide that can then be
directly reduced back to gold during the cathodic sweep. If the potential is increased too
far (> appx. 1.6 V vs. Ag|AgCl), formation of multilayers of gold oxide will occur.
Atomic Force Microscopy (AFM). AFM has become a very important tool to study
microstructures and nanosurfaces in the fields of electronics, materials, manufacturing,
and biomaterials. They are used for nanoindentation experiments, force modulation
studies and also for nanoparticle assembly onto surfaces.159 The working of a typical
AFM machine consists of a cantilever probe mounted to the piezoelectric scanner (PZT)
along with a photodetector, which detects the laser reflected from the cantilever beam to
provide cantilever deflection feedback. The basic principle involves either keeping the
force between the cantilever tip and the sample constant or the cantilever at a constant
height from the sample and a laser beam is incident on the tip end, which is deflected in
order to obtain topographic information of the sample surface. The cantilever deflects or
oscillates on the sample surface and this leads to light intensity difference which is
measured by the photo detector. There are 3 modes of the AFM machine namely contact,
non-contact and tapping mode. The contact mode operation of the AFM machine
involves dragging the cantilever tip onto the sample surface and measuring the deflection
whereas in non-contact mode the tip is kept away at a certain height from the sample and
oscillated at its resonant frequency. Tapping mode combines both contact and noncontact mode where the tip is allowed to touch the sample for a minimal time period and
is oscillated at the sample resonant frequency. Tapping mode is our preferred method of
gold characterization as friction and adhesion problems are minimized in this mode. In
this mode the PZT scanner applies a force for the tip to oscillate at amplitudes when it is
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typically not in contact with the surface and then the force is increased to allow the tip to
come in contact with the surface for a short time period. This contact leads to loss of
energy and there are changes induced in the oscillation amplitude due to the surface
topography of the sample. Feedback loop is employed to keep the amplitude of
oscillation at a constant value. Since the sample surface is rough it is decorated with
bumps and depressions, which either decreases or increases the oscillation amplitude
respectively. This value is generated is the error value, which is computed against the
reference value and adjusted by the controller after which a fixed force is applied on the
sample surface. This corrected value as attained is generated back to the PZT scanner
and is plotted as the topography of the sample.
Atomic force microscope (AFM) was also used for surface characterization of
nanoporous gold. Tapping mode AFM imaging was performed using a Multimode AFM
from Veeco, Santa Barbara California using a Nanoscope IIIa controller. The tip of the
cantilever was silicon nitride obtained from Budget sensors, Sofia Bulgaria with a radius
less than 10 nm and resonance frequency of 300 kHz, the spring constant of being 40
N/m. The modulation amplitude was typically in the nanometer range with the frequency
scan being 1.47 Hz per line with a total of 512 lines. The background noise was removed
from the raw images by using image-processing software.
Localized Surface Plasmon Resonance (LSPR). Metals having a dielectric constant
can exhibit surface plasmon resonance (SPR) properties.160 Electromagnetic radiation
basically excites the conducting electrons leading to a wave of coherent electron
oscillation. However there are difference between SPR and LSPR. In SPR there is
propagation of electrons in the metal interface along the y and x axis and decay is
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measured along the z axis and a shift or change in the interface is measured due to the
interaction of electromagnetic waves in the metal and the molecular layer, which has to
be studied. LSPR leads to localized oscillations of the electrons where wavelength of
incident light of the particles is comparatively smaller than that of light. LSPR is also
extremely sensitive to a change in the metal interface, which can be measured as a shift in
wavelength. Since the instrument is inexpensive and sensitive to both biological and
chemical species, it is gaining immense importance. It can measure protein binding and
provides as a measure for surface change on introduction of layers in a multi-layer
assembly scheme.
LSPR instrument used in the lab for measurements of the biological and chemical
changes on the surface of nanostructured gold include a spectrophotometer (Jaz, Ocean
Optics), source of white light (HL-2000, Tungsten Halogen Light, Ocean Optics) and
reflection probe (Ocean Optics). The software used for data recording is SpectraSuite
software (Ocean Optics) and a flow cell, which is designed in the lab, is used for solution
flow over the surface of nanostructure of interest. 7 optical fibers and 6 illumination
fibers are wrapped around 1 read fiber for the reflection probe. Sample probe distance is
calibrated to around 4 mm and fixed at that position using an optical mount. Sigmaplot
12.0 and OriginPro 8.5.0 SR1 (OriginLab Corporation) are used to analyze the reflection
spectra, which are collected from the LSPR instrument.
Thermogravimetric Analysis (TGA). Thermal methods has recently found immense
applications in the studying biomolecule coverage on nanomaterials.161 The principle
behind such methods is studying the physical or chemical properties of the material of
interest at elevated temperatures. Differential thermal analysis is utilized to study heat
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changes on the system at higher temperatures and thermogravimetric analysis gives the
percentage weight loss occurring on the material at elevated temperatures. The basic
instrumentation for TGA analysis consists of a furnace for high temperatures and
precision balance to load the sample. The weight loss over temperature is plotted and
recorded and the loss percent is computed in order to get the thermogravimetric curve.
TGA analyzer used is Q500 from TA instruments, Delaware, USA. The plate
dimension in order to carry out TGA analysis was 8.0 mm x 8.0 mm x 0.25 mm and the
weight recorded varied from 0.8-0.1 g. Nitrogen gas was the carrier gas having a flow
rate of 40 mL min-1. Platinum loading plate was used for the NPG plates and temperature
ramping was done from 0 to 600 oC at 5 oC/min. The data has been generated in a set of 2
in order to validate the results.
2.4 Electrochemical annealing of nanoporous gold
The NPG covered Au electrode was electrochemically annealed in 9 mL of 0.1 M
KCl, 0.1 M NaNO3 or 0.1 M NaClO4 by applying 50 or 30 oxidation-reduction cycles at
100 mV sec-1 from -0.4 V to +1.2 V (a 2 sec hold was used at the positive end of each
cycle and a 8 sec hold was used at the negative end of each cycle). The surface area was
determined for each electrode using the gold oxide stripping method by scanning between
0 and 1.6 V at a scan rate of 100 mV sec-1. The electrodes were then subjected to 5 cycles
of annealing in the respective electrolyte solution after which the surface area was
determined again by the gold oxide stripping method in 0.5 M H2SO4 followed by
extensive rinsing with Milli-Q water prior to additional cycles in the electrolyte solution.
We performed annealing in 5 cycle increments and determined the surface area after
every 5th cycle.
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The NPG covered gold wires were immersed in octylamine solution (1 mM) for
greater than 17 h (overnight) and they were then subjected to oxidation-reduction
annealing cycles (30 cycles) in 0.1 M KCl and in 0.1 M NaNO3 for study of the annealed
wires on addition of additives. These electrodes had been thoroughly cleaned before and
after the cycles in copious quantities of ethanol. Trizma base (1 mM) was added to the
electrolyte solution while annealing the NPG covered gold wires in 0.1 M NaNO3 or in
0.1 M KCl with 8 mL of these solutions keeping the total volume of the electrolyte
solutions at 9 mL. Oxidation-reduction cycles (30 cycles) were performed to analyze the
surface morphology changes which were subsequently studied using scanning electron
microscopy.
2.5

Self-assembled monolayers on nanoporous gold
Nanoporous gold wires long with flat gold wires are copiously rinsed with Milli-Q

water and ethanol and the wires are immersed in ethanol for 15-20 min. Thiol solutions
were prepared in ethanol, which had a concentration of 1 mM both for the alkanethiols
and the carbohydrate moieties. A total concentration of 10 mM was taken to study
mixtures of mixed self-assembled monolayer. αMan-C8-SH/HO-PEG2-SH and αManC12-SH/HO-PEG2-SH were compared with αGal-C8-SH/HO-PEG2-SH and αGal-C12SH/HO-PEG2-SH on nanoporous gold and flat gold. The wires after immersion were
rinsed in ethanol and PBS buffer solution.

Electrochemical impedance and cyclic

voltammetry measurements were performed on the wires thereafter. Con A solution (1
µM) in PBS buffer supplemented with 1.0 mM Ca2+ and 0.5 mM Mn2 and PNA solution
(1 µM) was used to detect lectin carbohydrate interactions, and incubations were done for
2 hours. The gold wire and the nanoporous gold wires were attached onto a copper wire
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by use of Teflon tape and only 5 mm of the wire was allowed to be immersed in solution
in order to obtain similar readings for wires immersed in the same solution.
2.6

Cyclic voltammetry (CV)
CV is one of the common and used techniques to describe electrochemical

reactions, which occur at the electrode surface. Cyclic voltammetry is an electrochemical
technique for measurement of current passed through the system if the voltage provided
through the system exceeds the voltage as stated in the Nernst equation. In a three
electrode cell cyclic voltammetry typically leads to measurement of potential for the
working electrode and also the current flowing between it and the counterelectrode. It
allows for determination of the behavior of any redox reaction occurring at the electrode
at fixed potentials and is generally one of the earliest experiments to be performed to
study electrochemical reactions on the surface.
Cyclic voltammetry is measured in an unstirred solution where the potential of the
working electrode is fixed and the current passed through it is measured. The reference
electrode potential across the working electrode is measured wherein the standard
reference electrodes are saturated calomel electrode (SCE) or the silver/silver chloride
working electrode (Ag/AgCl). An excitation signal is given across the two electrodes to
measure the current. The excitation signal is a triangular waveform. The waveform as can
be seen in Figure 2.1 sweeps the potential between the two given limiting values as
provided by us and the potential at which the scan direction reverses is also called the
switching potential. The initial scan as shown is from a positive potential to a negative
potential after which it reverses its value and changes its direction from negative to
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positive vs. the reference electrode. The scan rate is represented by the slope. We can
perform multiple or single cycles at varying scan rates in modern instrumentation.

Figure 2.1. Excitation signal for cyclic voltammogram. Triangular waveform, which
shows the switching potential and two repeated, scans.
The typical cyclic voltammogram for a reversible diffusing redox couple has
several unique characteristics namely the
•

The position of the peak current does not change with peak scan rate.

•

Peak currents ratio (anodic and cathodic) is equal to 1.

•

The peak current is known to be proportional to the square root of the scan
rate.

•

The separation between the anodic and cathodic peaks at 25 oC will be
59.2/n mV, where n is the number of electrons passed in the redox
reaction. Peak separation greater than this indicates either quasi- or
irreversibility, or a contribution from solution resistance (iR drop).
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•

The cyclic voltammograms for irreversible reaction are different than for
reversible reactions in ways that are specific to the nature of the
irreversibility.

Cyclic voltammetry depends to a greater extent on the analyte that is examined as
the potential window provided by us should match the redox behavior of the analyte in
which we are interested. It should be redox active in the given potential window wherein
it is oxidized in the forward scan and reduced in the reverse scan as shown in Figure 2.2.
The ratio of the oxidation and reduction peak currents in cyclic voltammetry is given as 1
if the system is reversible. We can change this ratio if we introduce a stripping wave or a
nucleation event or if the oxidation or reduction reactions are not reversible.

Figure 2.2. Cyclic voltammogram depicting the current-voltage relationship. Epc is the
cathodic peak potential, Epa is the anodic peak potential, ipa is the anodic peak current,
and ipc is the cathodic peak current.

65

The working electrode, electrolyte species and the counter electrode selected are essential
in determining the electrode potential selected for the system.
2.7

Electrochemical impedance spectroscopy
Circuit elements in the real world exhibit non-ideal behavior and thus ideally the

ohms law, which defines resistance in terms of current and voltage for an ideal resistor, is
not obeyed in complex systems. Since in the real world scenarios complex behavior is
exhibited, resistance is defined as impedance. Application of a small alternating current
perturbation to an electrochemical cell allows us to measure impedance by measuring the
amount of current flowing through the cell.162 It is assumed that a small sinusoidal
potential is applied to the system and the current response is measured and the response is
pseudo-linear in nature. Pseudo-linear systems are described as being similar in
frequency but shifted in phase as shown in Figure 2.3.

Figure 2.3.

(adapted from basics of electrochemical instruments from Gamry

Instruments) Sinusoidal response for current in a system
The impedance of a system is given by 163
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The impedance in Equation 2.1 is given by Z and is denoted in magnitude by Zo and the
phase shift is given by ø. If the current and the potential are plotted together and analyzed
then as per Euler’s relationship we get impedance as a complex number and can be
represented as shown in the flowing equations.
  exp 𝑗𝜙 = cos 𝜙 + 𝑗 sin 𝜙

(2.2)

Potential is defined as in given in equation 2.3.
                                                                                                                                𝐸! = 𝐸!   exp  (𝑗𝜔𝑡)

(2.3)

Current response has been denoted as in equation 2.4
                                                                                                                            𝐼! = 𝐼!   exp  (𝑗𝜔𝑡 − 𝜙)

(2.4)

Impedance is thus given by a complex number as denoted by the voltage over current as
shown in equation 2.5.
𝑍 𝜔 =

!
!

= 𝑍! 𝑒𝑥𝑝 𝑗𝜙 = 𝑍! (cos 𝜙 + 𝑗 sin 𝜙)

(2.5)

The data representation for the impedance spectroscopy is performed on the Nyquist plot
wherein we plot the real part of impedance on the x axis and the imaginary part of the y
axis as shown in Figure 2.4.
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Figure 2.4. A typical Nyquist plot for EIS data representation.
However, the Nyquist plot fails to read the frequency at any particular point due to which
the Bode plot is also used for data representation wherein log of the frequency is plotted
vs. the absolute value of impedance.
Electrochemical impedance spectroscopy (EIS) provides us ample information
about the metal electrolyte interface and is sensitive as the experiments are performed
mostly in the frequency domain. The data once generated can be interpreted by plotting
using electrical equivalent circuit models where the data is fitted and the subsequent
analysis is performed based on common electrical parameters like resistance,
conductance, diffusion etc. The commonly deduced parameters are explained as follows
Electrolyte resistance (Rs) In the three electrode electrochemical cell the resistance
between the counter and the reference electrode is accounted; however the solution
resistance between the working and the reference electrode need to be measured and is
done by fitting the EIS data to the equivalent circuit model. The solution resistance
depends upon varying factors like types of ions, area of current flow, temperature, cell
geometry etc.
!

𝑅 =   𝜌 !
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(2.6)

In equation 2.6 the parameters for electrolyte resistance (R) is given by solution
resistivity (ρ) in a length (l) of bounded area (A) for the current flow.
Double Layer Capacitance (Cdl) The electrolyte and charged electrode are
separated from each other by a small layer of the order of a few angstroms. This
separating layer is an insulating layer that later on becomes a capacitor. This separation
too varies on various factors like ionic concentration, potential, electrode roughness,
oxide formation etc. Since capacitors are not known to behave ideally instead of the
double layer capacitance a parameter for constant phase element is introduced which is
denoted as given in equation 2.7
!

𝑍!"# = (!")! !                                                                                                                                      (2.7)
In equation 2.7 the value of α is usually 1 for an ideal capacitor and varies from 0 to 1
based on the electrolyte. C is the capacitance and ZCPE is the impedance of a capacitor.
Charge Transfer Resistance (RCT) There is a charge transfer occurring when
electrons migrate from the solution to the electrode or there’s migration of ions from the
electrode surface to the electrolyte. The rate at which the charge transfer reaction occurs
in a metal electrolyte interface depends upon the type of electrolyte, concentration etc.
and the relation between the current and the potential as per Faraday’s Law is given by
!

!
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!"#$
!"

!

!
) − ! ∗!
exp  (

!(!!!)!"#
!"

))

(2.8)

In equation 2.8 io is the exchange current density, co and c*o are the concentration of
oxidant at the electrode surface and bulk respectively, cR and c*R are concentration of the
reductant at the electrode surface and bulk respectively, F being Faraday’s constant, T is
the temperature, R being the gas constant, n is the number of electrons involved in the
redox reaction and η is the overpotential.
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For the Butler-Volmer equation the concentration in the electrode surface is the
same as in the bulk as co = c*o and cR = c*R. However, when the overpotential η for the
aforementioned system is very small and the system is at equilibrium the charge transfer
resistance is given as in equation 2.9 dependent on temperature. The current density can
also be computed once the charge transfer resistance is known for a system.
!"

                                                                                                                                𝑅!" = !"!

(2.9)

!

Warburg Diffusion. Diffusion of species at the electrode surface depends upon
frequency of the system. At low frequencies there is an increase in diffusion whereas at
higher frequencies there is lesser diffusion as the ions in solution do not have to migrate
further.
The continuous migration of ions is the solution leads to impedance and the diffusion can
be given as shown in equation 2.10
!!
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Wherein σ, which is also the Warburg coefficient, is given by equation 2.11
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A in the equation is the electrode surface area. Figure 2.5 illustrates the three electrode
cell as well as the equivalent circuit model used to fit our EIS data.
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Figure 2.5. Representation of the three-electrode electrochemical cell: a) illustration of
the processes occurring at the working electrode; b) equivalent circuit model for fitting
the EIS data used for our system.
Electrochemical impedance measurements were performed in the three-electrode
cell of 3 mL solution volume which had 5 mM K3[Fe(CN)6] and 5 mM K4[Fe(CN)6] for a
single electron transfer reaction at the formal potential of the redox probe (0.23 V vs.
Ag|AgCl), and at frequencies from 105 Hz to 100 mHz obtained at 12 points per decade.
The

instrument

used

for

EIS

measurement

was

the

PARSTAT
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potentiostat/galvanostat/FRA and the PowerSine software was used to view the Nyquist
plots. Data analysis was carried out using ZSimpwin 3.21 software (Princeton Applied
Research, Oak Ridge, TN), and the subsequent equivalent circuit model was fitted
wherein the double-layer capacitor was replaced by a constant phase element (Q) in order
to account for the roughness of NPG. Data was collected for both the unannealed NPG
covered gold wires as well as for the annealed NPG covered gold wires.
2.8

Electrochemically active/accessible area determination
The electrochemically accessible surface area was determined using potassium

ferric cyanide K3[Fe(CN)6] (10 mM) for both the bare gold wire electrode and the NPG
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covered Au wire electrode. The peak current was plotted versus the square root of the
scan rate. The slope of the line resulting from fitting data to the Randles-Sevcik equation
for a reversible electrochemical process under diffusion controlled conditions (T = 25
o

C), was used to estimate the electrochemically accessible surface area of the electrodes.

                                                                                                        𝑖! = 2.69 ∗ 10! 𝐶𝑛!/!   𝐷!/!   𝑣 !/!   𝐴

(2.8)

In the equation n refers to the number of electrons involved in the redox reaction which is
1; D is the diffusion coefficient of the molecule in solution which is 7.2 x 10-6 cm2 sec-1
for Fe(CN)63- in 0.1 M KCl at 298 K164; C is the concentration of analyte molecule in
solution (mol cm-3); υ is scan rate from 20 mV sec-1 to 200 mV sec-1.
2.9

Reductive desorption for monolayer coverage estimation
Reductive desorption to estimate the surface coverage of the self-assembled

monolayers on nanoporous gold wires and flat gold wires was performed in 0.1 M NaOH
solution in 3 mL solution volume. The solution was initially degassed for 30 min after
which the cyclic voltammograms were measured at 500 mV sec-1for gold wires and at 20
mV sec-1 for nanoporous gold covered gold wires from 0 to -1.6 V (vs. Ag|AgCl).
Reductive desorption occurring in alkanethiolate monolayers on polycrystalline gold is
given as shown in Equation 2.9 and 2.10.165
𝐴𝑢𝑆(𝐶𝐻! )! 𝐶𝐻! + 2𝐻! 𝑂 →     𝐴𝑢 0 + 𝑂!! 𝑆(𝐶𝐻! )! 𝐶𝐻! + 4𝐻! + 3𝑒 !     
                                                                          𝐴𝑢𝑆(𝐶𝐻! )! 𝐶𝐻! +    𝑒 !    →   𝐴𝑢 0 +    𝑆 ! (𝐶𝐻! )! 𝐶𝐻!

(2.9)
(2.10)

2.10 Lectin-carbohydrate interactions using dendrimers as linkers
Nanoporous gold and flat gold surfaces were cleaned using Milli-Q water and
appropriate self-assembled monolayers were formed on the surface by immersing them in
the ethanolic solution (5 mM) of mercaptoundecanoic acid and mercaptododecanoic acid
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overnight as stated in most standard protocols for SAM immobilization. Then EDC/NHS
coupling chemistry serves to activate the end carboxylic group and form a reactive ester
for the attachment of dendrimers containing terminal amine groups via amide bonds. 200
mM EDC and 50 mM NHS solutions in water were used for immobilization up to 15
min. This time of immobilization was reduced for localized surface plasmon resonance
experiments were immobilization was performed for 15 min using EDC/NHS (200
mM/50mM respectively).

Dendrimer solutions in water (0.002 wt/wt%, 1 wt/wt %, 5

wt/wt %) were used for immobilization. The wires were subsequently immobilized in
the activated mannose with the ester in ethanol (1 mM) for 1-1.5 hours. The wires are
then copiously rinsed with ethanol and PBS buffer solution and impedance measurements
are performed after which Con A solution (1µM) in PBS/Tris buffer supplemented with
1.0 mM Ca2+ and 0.5 mM Mn2+ is immobilized onto the wires for 2 hours and impedance
measurements are performed again. The coupling chemistry reaction for dendrimer
immobilization onto the surface of nanoporous gold and flat gold is shown as in Figure
2.6 wherein EDC/NHS have been utilized.

Figure 2.6. EDC /NHS coupling mechanism for dendrimer immobilization onto surface.
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The flow cell analysis for dendrimer immobilization onto nanoporous gold plates
has been performed in a flow cell made of Teflon, which also has a peristaltic pump
(Cole-Parmer model 77390-00) and tubing attached to it. The dimensions of the flow cell
chamber in which NPG plates could be seated was 54.78 mm x 19.02 mm x 5.00 mm as
shown in Figure 2.7. The tubing connecting the pump with the flow cell is made of
polytetrafluoroethylene. The volumes of the solutions used for analysis were 7 mL and
the gold plates of dimensions 0.8 mm x 0.8 mm x 0.25 mm were seated perpendicular in
the flow cell.

Figure 2.7. Schematic of home built flow cell
Mercaptoundecanoic acid (10 mM) was flown through the NPG in the flow cell to
form a SAM and then EDC/NHS (5 mM) was passed through the cell for enabling
covalent coupling and PAMAM G5 dendrimers were thus immobilized onto the NPG
plates from a 0.002 wt/wt% solution.
2.11 Chronoamperometry
Chronoamperometry is an electrochemical method wherein we provide a fixed
potential to the system and the current passed through the system is measured as a
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function of time. The current is generated due both Faradaic processes occurring at the
electrode surface and to electric double layer charging with the Faradaic current
becoming dominant at later time. For a simple diffusion controlled electrode reaction, the
current will decay exponentially with respect to time as in a RC circuit. The experiment is
performed in a three electrode cell usually and the charging decays faster generally
without any supporting electrolyte. The signal to noise ratio is better in
chronoamperometry as the current is recorded over a longer time interval. In our three
electrode system we usually provide a time of 1200 s for the annealed wires and 600 s for
the SAM immobilized wires at fixed potential of -1.0 V.
2.12 Pore size determination
AnalySIS (image processing software, Soft Imaging System GmbH (version 3.0))
was used to analyze the pore sizes. Horizontal line scans were analyzed by first manually
selecting 50-60 lines crossing dark regions representing the pores and the ligament –
ligament gap distances in nm were computed by the software and then made available in
an Excel spreadsheet. The range of these distances is reported.
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Chapter 3 ELECTROCHEMICAL ANNEALING OF
NANOPOROUS GOLD BY APPLICATION OF CYCLIC
POTENTIAL SWEEPS

3.1

Introduction
There have been numerous attempts to control the morphology of NPG

25,26

,

primary among them being coarsening of the ligaments and the pores either by thermal
treatments or by acid treatment for extended periods.8,27 Thermal annealing studies have
been performed on NPG films and beams at elevated temperature to study the porosity
changes as well as the pore size distribution across the sample wherein it was found that
the average pore size increased for NPG films with a reduction in thickness and an
increase in residual stress.27 Nanoporosity evolution due to dealloying has been widely
researched.166 The NPG average pore size increases on applying high temperatures, and
can also change during acid dealloying wherein factors like exposure time and type of
acid play a major role.8 NPG has also been exposed to electrolytes for extended periods
of time. As the surface diffusion is faster in these cases, the surface area is expected to
decrease, as the reduction in surface energy is a major factor driving mass transport. This
has been confirmed by neutron diffraction studies where NPG has exhibited such
behavior when immersed in nitric acid and a comprehensive study has been performed in
different electrolytes.167 Ultrafine nanoporous gold with ligaments as small as ~5 nm has
been produced by dealloying at temperatures as low -20 oC.168 In the reported use of NPG
as an electrocatalyst for methanol oxidation, evidence for annealing was reported after
repeated catalytic cycles.169
76

Surface diffusion of gold atoms in different electrolyte solutions plays a crucial
role in the rate of annealing of NPG. Surface diffusion coefficients for Au atoms are of
the order of 10-14 cm2 sec-1 at room temperature in electrolyte solutions.170 Surface
diffusion has more often been determined in vacuum or air and the values of Ds are much
smaller, of the order 10-16 – 10-20 cm2 sec-1 for gold.171 STM has been used to directly
follow relaxation of tip-induced patterns on Au(111) surfaces in air.172 There are methods
for determining the diffusion coefficient values for various metal atoms in different
electrolyte solutions using the time dependence of the relaxation of the surface roughness
factor of the immersed metal electrodes.173 Surface diffusivity measurements can be
based on observations of an initially rough surface on the principle that it will coarsen to
attain a surface with lower surface area and hence lower energy. The rate of coarsening
has been studied for highly rough Au electrodes, prepared by electrochemical cycling that
induced multilayer gold oxide formation and reduction, and the inverse of the surface
roughness factor R was found to scale as (Dst)1/4.174 Values of surface roughness were
based on changes in the charge passed upon reduction of a monolayer of gold oxide. Data
on Ds as a function of temperature in solution yielded a much lower enthalpy of
activation for surface diffusion for gold in contact with electrolyte solution than for gold
under vacuum. The value of Ds increased with increasing applied potential and with
increasing temperature. Use of in-situ scanning tunneling microscopy (STM) to follow
coarsening of Au electrodes with columnar surface features by following the increase in
their radius with time gave a value of Ds = 1.5 x 10-14 cm2 sec-1 in 0.5 M H2SO4, with a
10x greater value noted in 0.5 M H2SO4 + 0.1 M NaCl.175 A related study using
voltammetry to follow coarsening of rough gold electrodes also found Ds to be enhanced
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upon addition of KCl to 0.5 M H2SO4 but found it to be diminished upon addition of
pyridine.176 In-situ STM studies have been performed on Au(111) surfaces under
potential cycles and the roughening and annealing of terrace structures was directly
observed and found to be sensitive to addition of trace amounts of HCl.177 Atomic force
microscopy (AFM) applied to Au(100) surfaces under 0.050 M H2SO4 was used to follow
the annealing of a small nanoscale hole created using the AFM tip; Ds values found by
this method were comparable and also seen to increase with applied potential, above a
minimum at the potential of zero charge.178 Diffusion coefficients on metals and
semiconductors were surveyed some time ago, emphasizing their Arrhenius equation like
representation using a pre-exponential factor and an activation energy term.170 The
dependence of the surface diffusion coefficients for gold on temperature, applied
potential, and the presence of adsorbed anions are all critical for understanding
coarsening of rough gold surfaces, resulting changes in gold surface topography, and the
annealing behavior of NPG.
Surface diffusion coefficients depend on the electrolyte solution, and the extent
and strength of the adsorption of anions, which either will hinder or promote surface
diffusion and hence affect the rate of annealing or other surface reactions. Annealing
rates are related to the strength of ion adsorption at the metal surface and to the surface
coverage, both of which vary with potential. It can be argued that annealing rates are
greater when the bonding of the gold atom to the adsorbate is stronger than to the
neighboring gold atoms, thus leading to enhanced gold atom mobility. The extent of
adsorption of anions onto gold electrodes is potential dependent and generally increases
with applied potential above the potential of zero charge. For example, X-ray diffraction
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studies using an electrochemical cell and Au(111) electrodes show that near 0.72 V (vs.
Ag|AgCl (3 M KCl)) a well-ordered hexagonal adlayer of chloride ions formed from a
solution of 0.1 M HClO4 and 0.1 M NaCl.179 Ordered adlayers on gold form as a function
of potential and have also been studied for bromide and iodide.180,181 The oxidation of
adsorbed iodide monolayers to iodate has been used to calibrate the frequency response
to mass change of a quartz crystal monitor.182 The halide adlayers affect the potential
dependent reconstruction of the gold surface lattice. The adlayers are viewed as
precursors to the formation at high enough potential of soluble gold halides complexes,
especially through the gold atoms at the step edges.180,181 Halides form adlayers on gold
that display potential-dependent phases that can be incommensurate with the underlying
gold lattice and have varying two-dimensional lattices such as hexagonal or centered
rectangular.183 The diffusion coefficient Ds was found to increase with the order of
specific adsorption of ions (KCl > K2SO4 > NaF).184 Ds was found to be 240 x 10-14 cm2
sec-1 in 0.05 M KCl but only 8.7 x 10-14 cm2 sec-1 in 0.05 M NaF, at 0.0 V (vs. MSE
reference electrode). The adsorption of perchlorate ions on Au (111) also increases with
applied potential and is reported to reach a surface coverage near 0.15 at high potentials,
with adsorption occurring by interaction of the oxygen atoms with the gold surface.185
The value of Ds in 1 M HClO4 was found in increase with applied potential from 0.34 x
10-14 at -0.61 V to 23 x 10-14 at 0.194 V (vs. MSE), and then to increase exponentially
above 0.194 V, attributed to a stronger perchlorate oxygen – gold interaction and greatly
increased surface mobility.186 In-situ infrared spectroscopy found that nitrate anions in
nitric acid adsorbed specifically onto gold through an oxygen atom and form contact ion
pairs with hydronium ions.187
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Electrochemical oxidation-reduction of gold involving formation of a gold oxide
monolayer also alters the topography of the crystalline surface, and when done in the
presence of a chloride containing electrolyte results in roughened substrates displaying
surface-enhanced Raman activity.188 Electrochemical roughening has been adopted to
change the surface morphology of gold as well as other metals such as silver.189,190
Electrochemical roughening has normally been carried out using two-electrochemical
techniques, namely triangular wave oxidation-reduction cycles191 and square wave
oxidation-reduction cycles.192 Generally in the oxidation-reduction cycles the electrode
surface is oxidized during the anodic part of the cycle to form an oxide and soluble gold
complex such as AuCl4- that are then reduced back to the metallic state during the
cathodic part of the cycle leaving the surface roughened. Repeated cycling builds
increasing roughness. Roughening of metals has been further subdivided to large scale (5
to 10 nm or larger) and small scale (atomic scale) roughness.189
We report a new electrochemical annealing technique post-dealloying at room
temperature, which allows us to increase the surface area of NPG and anneal the pore
sizes. The method is based upon applying electrochemical sweep cycles with the upper
potential limit being just at the initial onset of Au oxidation. The method could be useful
for annealing NPG in situations where thermal treatment or acid treatment is not possible
or convenient, and provides an additional tool for adjustment of NPG pore size
distribution and surface area. Though ample studies have been performed showing the
roughening or annealing of gold surfaces, here we show that electrochemical cycling
normally associated with the roughening of initially flat gold surfaces results in annealing
of NPG. Results for electrochemical annealing by cycling in a selection of electrolytes
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(NaClO4, KCl, and NaNO3) are presented, as well as the effect of addition of octylamine
or trizma base (tris(hydroxymethyl)aminomethane).
3.2

Nanoporous gold characterization before annealing
The scanning electron microscopy (SEM) images for the bare gold wire, deposited

gold + silver alloy, and NPG on Au wire are provided in figure 3.1. The deposition of the
alloy onto bare gold wire is done at a potential of -1.0 V at which the alloy morphology
appears more uniform and shell-like on the surface of the Au wire. Gold and silver alloys
deposited from these solutions at -1.2 V show a bushy morphology, and those deposited
at -1.4 V appear dendritic and tree-like as can be seen from Figure 1. The deposition at 1.4 V for 20 min resulted in the formation of a dendritic morphology that would tend to
fall off of the Au wire, especially after dealloying. A shorter deposition time of 4 minutes
was used to obtain images of this morphology.

Figure 3.1. Side view of nanoporous gold formed after deposition at a) -1.4 V for 4 min
b) -1.2 V for 20 min c) -1.0 V for 20 min.
Dealloying results in a nanoporous structure in all cases, but the shell-like covering
formed by electrodeposition at -1.0 V was deemed more regular and preferable. The
structure after dealloying seen in figure 3.1c shows a pattern of deep fissures between
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islands of NPG and has a ‘dried cracked mud’ appearance that may be a consequence of
volume shrinkage during dealloying.19 The NPG structure is evident as an open
interconnected network of ligaments and pores as can be seen from figure 3.2.

Figure 3.2. a) Top view of plain gold wire before alloy deposition. b) Top view of 30/70
Au/Ag deposition onto the gold wire. c) Side view of the nanoporous gold formed after
dealloying. d) Top view of the nanoporous gold formed clearly showing the pores and
ligaments. 	
  
The surface area of NPG as determined by the oxide stripping method in 0.5 M
H2SO4 is estimated to be 26.12 ± 3.0 cm2 (n=3), significantly higher than the bare gold
surface area (0.05 ± 0.01 cm2). The geometric surface area for both these electrodes is
0.032 cm2. Figure 3.3 shows cyclic voltammograms measured for bare Au wire and for
NPG covered Au wires in 0.5 M H2SO4. The current passed on oxidation and then on
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reduction of gold oxide for the NPG electrodes is seen as greatly enhanced. The surface
coverage is estimated by integrating the reduction peak using the reported value of 450
µC cm-2 for gold oxide reduction.

Figure 3.3. Cyclic voltammograms for nanoporous gold as well as bare Au wire (flat
gold) have been plotted for the surface area in 0.5 M H2SO4. a) Cyclic voltammogram for
both the wires have been plotted to give an estimate for the increase in surface area. b)
Cyclic voltammogram for bare gold wire.
3.3

Nanoporous gold annealing and characterization
The NPG covered Au electrode was used as a working electrode in a three electrode

cell and annealed using 50 oxidation – reduction cycles in 0.1 M NaNO3 and 0.1 M
NaHClO4 from -0.4 V to +1.2 V using a 2 sec hold at the positive end and a 8 sec hold at
the negative end at 100 mV sec-1. Cycling in these electrolyte solutions leads to annealing
of NPG as is evident from the decrease in the gold oxide reduction peak currents seen in
the cyclic voltammograms for the annealed wires. There are fewer space exchange
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reactions between gold and oxygen, which is known in literature to occur when a
monolayer of the gold oxide is formed or reduced. The surface area determined after
every additional 5 cycles of annealing is shown in Figure 3.5 for NPG covered Au wires
annealed in these three electrolyte solutions. These values are based on the cyclic
voltammograms shown in Figure 3.4. In Figure 3.5d, the current versus potential sweeps
are shown for the electrochemical cycling process in 0.1 M KCl.

Figure 3.4. Cyclic voltammograms for NPG annealed in a) 0.1 M NaClO4 and b) 0.1 M
NaNO3 for 50 oxidation reduction cycles, shown after every 5 cycle. c) Annealing of
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NPG performed for 30 cycles in 0.1 M KCl, with data shown after every 5 cycle. d) 30
annealing cycles in 0.1 M KCl.
Surface annealing comparisons in different electrolytes in which the anion serves
as an adsorbate can help determine the effect of anion adsorption on the relative mobility
of the surface Au atoms. Nitrate and perchlorate are both oxyanions that are expected to
be physisorbed fairly weakly through interaction of one or more oxygen atoms with the
Au surface. Their overall effect on surface area annealing after 50 electrochemical cycles
as indicated is found to be fairly similar. These weakly adsorbed anions enhance the
mobility of the Au atoms and promote the increase in the pore sizes.172 The adsorption of
anions in solutions is expected to take place favorably at potentials above the potential of
zero charge (pzc). The pzc in 0.01 M HNO3 has been reported as near 0 V,193 with a
higher value near 0.23 V (vs. SCE) reported in 0.01 M NaClO4.194 We also performed
experiments wherein rather than cycling we let the electrodes sit at a positive potential of
0.4 V for 15 minutes to note any structural changes brought about on the electrodes.
However, there was no change as observed from the SEM images for the wires and we
can safely conclude that electrochemical cycling under the stated conditions induces
changes in the NPG that are not found upon holding the electrodes at a fixed potential of
0.4 V.
Another solution used for annealing is 0.1 M KCl solution in which we see faster
annealing and most of the enhanced surface area due to NPG is eroded by 50 cycles.
Since NPG was seen to be essentially removed from the Au wire surface by 50 cycles, it
was decided to perform only 30 cycles in 0.1 M KCl and the decrease in surface area
(75% reduction) was still substantially larger than that seen for the 50 cycles performed
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on the other two solutions which was 33% reduction in perchlorate and 41% reduction in
nitrate as shown in figure 3.7. Diaz et al. studied gold dissolution using different
Au+/Au3+ ratios.195 They analyzed the thermodynamics and kinetics of the current
potential equation to come to the conclusion that AuCl4- was formed at potential more
positive than 0.8 V (vs. SCE) and AuCl2- was formed for potentials more negative than
0.8 V (vs. SCE). Investigations have shown that strongly absorbed chloride ions on
Au(111) lead to an increase in gold surface diffusion with a reduction in the anodic
dissolution due to oxide layer formation in a solution which contained chloride ions.196

Figure 3.5. Percentage reduction in surface area reduction upon annealing in different
electrolyte solutions using electrochemical cycling performed in 0.1 M NaClO4, 0.1 M
NaNO3, and 0.1 M KCl.
The cycling performed in 0.1 M KCl solution for 30 cycles led to a greater
decrease in surface area than in the other solutions and we investigated the change in the
electrolyte solution (to a pale yellow) after cycling using UV-Vis spectroscopy. It was
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found that 0.291 mg of gold was removed from the electrode surface and dissolved into
the solution as the gold chloride complex (AuCl4-). The ε for AuCl4- at λmax = 323 nm is
5800197 and an absorbance value of 0.9533 was recorded giving a AuCl4- concentration of
0.164 mM in the solution in the electrochemical cell (total volume = 9 mL). The
absorbance spectra is as shown in Figure 3.6. Figure 3.7 illustrates the surface area
decrease upon subsequent cycles in the three investigated electrolytes.

Figure 3.6. UV visible spectra for gold chloride complex.
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Figure 3.7. Surface area reduction upon annealing in different electrolyte solutions using
electrochemical cycling performed in 0.1 M NaClO4, 0.1 M NaNO3, and 0.1 M KCl.
We see a substantial decrease in surface area on exposure of the NPG covered Au
wires to electrochemical cycling in KCl solution. It can be postulated that in presence of
chloride in solution there is rapid motion of the step edges and increased atomic mobility
can be argued due to bonding of the surface gold atoms to the adsorbate. This bonding
can be stronger than the neighboring gold atom bonding which shall in turn increase
substantially the mobility of the gold atoms thus increasing the pore sizes. However, the
Au surface in this case erodes due to formation of the soluble complex ion.
3.4

Pore size distribution
The pore sizes for NPG and the annealed NPG were computed using analySIS

(image processing software, Soft Imaging System GmbH). The pore sizes for the NPG
covered gold wire used as a working electrode before any annealing were typically found
to be in the range 10-20 nm. However, the pore sizes change after electrochemical
cycling and then vary from a range of 65-80 nm after cycling in nitrate containing
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solution, to a range of 55-68 nm after cycling in perchlorate and a range of 82-95 nm
after cycling in chloride. In the analysis using line scans, the ‘pore sizes’ represent
ligament gaps across dark regions in the images wherein, the ligaments are represented
by the light regions. SEM images of NPG covered Au wires after annealing by
electrochemical cycling in the different electrolyte solutions are shown in Figure 3.8. We
tried to compare the unannealed wire, which is nanoporous gold with our annealed wires
that have been subjected to cycles in three different electrolytes. The pore size
distribution for the annealed wires was seen to not vary for n=3 wires. Such pore size
variations have not been recorded in literature when potential sweeps have been carried
across nanoporous gold wires, but roughening has been reported in polycrystalline gold
when subjected to potential sweeps.
Table 3.1 Pore size analysis of the annealed wires compared to nanoporous gold using
AnalySIS, image processing software.
Pore Size (nm)
NPG

10-20

NPG annealed in nitrate

65-80

NPG annealed in perchlorate

55-68

NPG annealed in chloride

82-95
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Figure 3.8. Scanning electron microscopy images comparing un-annealed and annealed
nanoporous gold. a) Initial NPG structure as prepared, b) NPG annealed in 0.1 M NaNO3
for 50 oxidation reduction cycles, c) NPG annealed in 0.1 M NaClO4 for 50 oxidationreduction cycles, d) NPG annealed in 0.1 M KCl for 30 oxidation reduction cycles. 	
  
3.5

Electrochemically accessible surface area
The surface areas of the un-annealed and annealed NPG covered Au electrodes

electrochemically accessible to a diffusing redox probe during cyclic voltammetry
sweeps were compared with those found for bare gold electrodes. These surface area
values for NPG were significantly lower than those determined by the gold oxide
stripping method and can be attributed to the hindered diffusion of the redox marker
Fe(CN)63-/4- (10 mM) into NPG from the bulk electrolyte solution. Since the
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interconnected ligaments and pores in the NPG create an irregular path we can assume
that the diffusion of the redox marker during the sweep is limited to the outer NPG
regions and the currents associated with its oxidation and reduction are not representative
of the total NPG surface area. Depletion of the concentration of redox marker deeper
inside the NPG structure which cannot be replenished by diffusion during the sweep
should significantly limit the maximum currents observed even at the slowest scan rates
used. In comparison, the gold oxide stripping method gives a more accurate
approximation of the surface area due to the oxidation and reduction of a monolayer of
gold atoms on the NPG surfaces. The electrochemical surface area for annealed and unannealed NPG remains higher than that of the bare gold wire, which can be attributed to
the diffusion of the Fe(CN)63-/4- into the NPG structure. The surface area was calculated
using the Randles-Sevcik equation where the anodic and cathodic peak currents were
determined for a range of scan rates ranging from 20 mV sec-1 to 200 mV sec-1. The plots
of the cathodic and anodic peak currents versus the square root of the scan rate shown in
Figure 3.9 give an estimation of the electrochemically accessible surface area for NPG
prior to annealing which is drastically smaller than the surface area calculated by the gold
oxide stripping peak. The area determined (~0.28-0.29 cm2) is only about 9x the
geometric surface area of the exposed gold wire (0.032 cm2) compared to the area
determined by gold oxide stripping (26.12 ± 3.0 cm2) which is about 812x the geometric
surface area of the exposed gold wire.
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Figure 3.9. Plots of the a) anodic peak current b) cathodic peak current versus the square
root of the scan rate after the annealing of the NPG covered Au wire in 0.1 M KCl for 30
oxidation-reduction cycles. The scan was from -0.2V to +0.6 V in 10 mM K3[Fe(CN)]6.
Table 3.2 Electrochemical surface area of the annealed wires compared to nanoporous
and bare gold wire electrode.
	
  

NPG

KCl

NaNO3

NaClO4

Gold Wire

Area determined using
anodic peak current (cm2)

0.2777 0.1550

0.1482

0.1153

0.0247

Area determined using
anodic peak current
(cm2)

0.2937

0.1538

0.1147

0.0247

3.6

0.1560

Electrochemical impedance studies of the modified and unmodified gold wires
The electrochemical impedance data represented as a Nyquist plot for bare gold

wire give a small semicircle which is characteristic of the charge transfer resistance (Rct)
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and a straight line representative of the Warburg diffusion (W) in the Nyquist plots.198
The charge transfer resistance for the nanoporous gold wires could not be determined due
to the high capacitance of the porous structure swamping out the contribution of Rct to the
impedance. The equivalent circuit model for fitting the data is as provided in Figure 8
along with the Nyquist plots for the un-annealed and annealed NPG covered Au wire
electrodes. The Nyquist plots for the un-annealed and annealed NPG are characterized by
a linear region at lower frequencies and varying degrees of curvature at higher
frequencies near the origin. Annealing in 0.1 M KCl and the consequent increase in mean
pore size and large decrease in surface area along with partial dissolution of gold from
the surface tilts the linear region further to the right and closer to the curve seen for bare
Au wire, except without the formation of a partial semicircle. The Nyquist plots for NPG
are steep at the lower frequencies indicating a dominant but non-ideal capacitive
component, which if ideal would become a vertical line. The steep but not vertical
appearance at lower frequencies has been attributed to frequency dispersion, either due to
dispersion of penetration depth within pores of the same diameter or to dispersion as a
consequence of the pore size distribution199. The NPG structure clearly possesses a pore
size distribution, and as such dispersion and a non-ideal capacitive component is
expected, as has been previously reported for larger scale NPG ‘sponges’200 and for
mesoporous platinum201. The higher frequency data, above ~177 Hz for un-annealed NPG
show a slope more characteristic of the 45o slope anticipated for Warburg impedance.
Such high frequency regions are also observed for the NPG after electrochemical cycling
in the three electrolyte solutions. In contrast, the nearly flat surfaces of bare gold wire
electrodes display a partial semicircle at higher frequencies indicating the presence of a
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charge transfer resistance (Rct = 686 Ω) followed by a Warburg impedance region in the
lower frequency regime. The values for the same are given in Table 3.3.

Figure 3.10. a) Nyquist plots for un-annealed NPG covered Au wire and for bare gold
wire (flat gold) along with the annealed NPG covered Au wire electrodes (annealed in 0.1
M KCl, 0.1 M NaNO3, and 0.l M KCl). Randles equivalent circuit model, which has been
used for fitting the data and comprises of solution resistance (Rs), charge transfer
resistance (Rct), Warburg impedance (W) and constant phase element (Q). b) Constant
phase elements normalized using the geometric areas (0.032 cm2) of the electrodes.
Table 3.3 EIS values for annealed and un-annealed wires.
n
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CPE
(Ssn)mF/cm2

Flat gold wire
Nanoporous gold wire
Annealed wire (NaNO3)
Annealed wire (NaClO4)
Annealed wire (KCl)

3.7

0.91
0.87
0.92
0.88
0.87

0.07
45.88
21.73
45.76
9.56

Effect of additives on annealing
Further studies have been performed to study the effect of the presence of additives

on the annealing of the NPG covered Au wires, with the relevant data shown in figure
3.11 (cyclic voltammograms and surface areas) and in figure 3.12 (SEM images). The unannealed NPG covered Au wires were immersed in an octylamine solution (1 mM in
ethanol) for >17 h and the surface area change after electrochemical cycling was then
analyzed. The surface area decrease was not as significant for the NPG exposed to
octylamine upon being annealed in the nitrate solution (6% decrease) versus the 41%
decrease seen without octylamine adsorption; however, an substantial increase in the pore
size (to a range of 74-80 nm) of these NPG covered Au wires did occur. In comparison,
annealing in KCl after octylamine treatment was more vigorous and the decrease in
surface area was similar (70% decrease) versus a 75% decrease in KCl alone and the pore
size of the wires also increased dramatically (to 126-153 nm). The addition of octylamine
thus can be effective as there is an increase in pore sizes without substantial area decrease
which was lower when similar electrolytic studies where conducted in other electrolytes
like nitrate and perchlorate. The introduction of such additives can be an effective means
of increasing the pore size in comparison to thermal annealing studies and can prove to
be an effective alternative for pore size increment without area loss, which allows us to
have a larger surface area for SAM immobilization and study.
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Figure 3.11. Cyclic voltammograms used for surface coverage determination in 0.5 M
H2SO4 when the nanoporous gold has been modified by immersion in 1 mM octylamine
solution for >17 h and further annealed by electrochemical cycling in a) 0.1 M NaNO3
and b) 0.1 M KCl. c) Surface area versus number of electrochemical cycles for the wires
upon annealing in NaNO3 and KCl solutions.
The decrease of surface area in KCl solution is more pronounced as there is loss of
gold from the NPG surface to the solution, which was not evident in nitrate or perchlorate
solution. The increase in the pore sizes for KCl annealing is though large and can be
attributed to increase in mobility of gold atoms due to the creation of vacancies.
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Figure 3.12.

Scanning electron microscopy images of NPG immersed in 1 mM

octylamine solution for 17 h and then annealed by electrochemical cycling. a) and b)
show high magnification images (100 kx) of NPG annealed in 0.1 M NaNO3 and 0.1 M
KCl, respectively. The annealing had been performed by applying 30 oxidation-reduction
cycles.
When 1 mM trizma base (trihydroxymethylaminomethane) was added to the
electrolyte solutions, the effect of annealing in nitrate solution was less as compared to
annealing in only the electrolyte solution as the decrease in surface area was 17 %,
compared to the 41% decrease seen in the absence of trizma base, as shown in Figure
3.13. Surface adsorption of the trizma base apparently hinders the motion of the Au
atoms at the surface relative to their motion in nitrate-containing solution alone,
presumably by competitive adsorption between nitrate and trizma base. The pore size
increase after annealing to a range of 60-72 nm is comparable to the increment in the
nitrate annealed solution without any addition of trizma base additive.
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Figure 3.13. a) Cyclic voltammograms for nanoporous gold electrode annealed in a
solution containing 0.1 M NaNO3 and 1 mM trizma base. The voltammogram after every
fifth cycle during the 30 oxidation-reduction cycles is shown. b) Surface area of the wire
upon annealing in the nitrate solution shown after every 5th redox cycle.
3.8

Conclusion
We have reported an electrochemical annealing method based on applying specific

numbers of cyclic potential sweeps to NPG in a selected electrolyte solution. The method
can lead to substantial increases in the mean pore size of NPG. The method may be
useful as an alternate to thermal annealing or to immersion for long periods is strong acid.
The method shown here for convenient adjustment of pore size by cycling can be of
significance for applications in which nanoporous gold pore size needs to be tuned in
order to accommodate larger molecules, or to facilitate diffusion, or to adjust surface area
while maintaining porosity post-dealloying. The electrochemical surface area of NPG
determined by the gold oxide stripping method gives a much better approximation of the
surface area than does the use of a diffusing redox probe, as expected given the
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diffusional limitations within the NPG structure. Annealing was performed in three
different solutions and effects of additives were also studied. It was observed that
maximum annealing occurs in chloride solution but with significant loss of gold into
solution as the complex ion. Pore size increases were significant in the nitrate and the
perchlorate solutions but without loss of gold into solution. Addition of additives such as
octylamine can give a pore size increase without a substantial loss in surface area.
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Chapter 4 EIS CHARACTERIZATION OF SELF ASSEMBLED
MONOLAYERS ON NANOPOROUS GOLD AND FLAT GOLD
4.1

Introduction
Nanoporous gold (NPG) has immense use in various technological applications

today because of its properties like high surface to volume ratio, tunability of pore sizes
which is easily controlled by thermal annealing treatment methods, acid treatment or by
electrochemical methods as shown in Chapter 3. NPG has been widely used in chemical
sensors, actuators, catalysis, and supercapacitors for energy purposes. This surge in
applications has also led to a surge in development of the techniques for NPG formation.
We have employed dealloying for NPG manufacture as the binary solution of gold and
silver is used with the silver being leached from the solution. The formation of NPG by
this method leads to a bicontinuous ligamentatious structure with interconnected pores
and ligaments of approximately the same diameter. The pore size or structure of NPG can
be altered by varying many factors.
Fujita et al. have used transmission electron tomography to study NPG. They
concluded that the gold ligaments and pores are basically inverses of each other in a three
dimensional spectrum and thus the gold on average has positive and negative curvatures
which give a net zero curvature for the structure when totaled together.202 The surface
areas of NPG electrodes determined in the double-layer charging regime have led to
conclusions that show that the NPG pore and ligament sizes are equivalent.203 The
crystalline nature of nanoporous metals have long been confirmed by x-ray diffraction
studies and gold generally possesses Au (111), Au (200), Au (220) and Au (311) which
are basically the Bragg reflections of the structure of gold which happens to be face
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centered cubic (fcc)
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. Out of the many crystalline faces of gold, Au (111) is the

dominant crystal structure in NPG.
SAM immobilization onto flat gold has been studied extensively by various
groups. Immobilization of thiol SAMs onto flat gold has been characterized as well using
different techniques. We have attempted to characterize using impedance spectroscopy
alkanethiol groups onto flat gold and nanoporous gold and also thiol groups with terminal
carbohydrate moieties where subsequent attachment of biomolecule is studied.
Biomolecule immobilization can be attained by either direct physical adsorption or by
covalent attachment, which in turn reduces protein leaching and is a preferred method for
protein immobilization. In our study we primarily focus on the electrochemical
characterization of thiol molecules and carbohydrate moieties on gold and NPG surface.
NPG is an interconnected network of pores and ligaments and contains both
regions of positive and negative curvature. Gold nanorods and gold nanoparticles differ
structurally from nanoporous gold plates or wires. This is because the gold nanorods and
particles predominantly have regions of positive curvature whereas NPG plates or wires
contain both, thus changing SAM orientations on their surfaces. SAM orientation on
NPG as well as the distance between SAMs is governed by the surface of NPG and tends
to vary based on the structure of NPG. SAMs on nanoporous gold plates and wires are
located mostly in the regions of positive curvature and thus more randomly distributed on
the surface. Szleifer et al. studied immobilization of ionizable ligands onto gold
nanoparticles of differing curvatures.205 Their studies concluded that pKa of carboxylic
acid terminated SAMs varied based on the molecular structure of the nanoparticles.
Mirkin et al. varied the radius of curvature of spherical gold nanoparticles to study the
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loading of thiol terminated oligonucleotides.206 They could arrive at a mathematical
relationship for loading of oligonucleotides, which was different based on the size of the
spherical gold nanoparticles in the range of 10-200 nm.
Alkanethiols and thiol-terminated carbohydrates have been studied on flat gold
surfaces and alkanethiol orientation on flat gold surfaces is also well characterized. The
NPG structure is random and consists of pinhole defects where the rate of electron
transfer is enhanced in these defect sites as compared to the monolayer itself. Pinholes
are small electroactive areas, which are shaped like a disc and randomly distributed
across the SAMs. Since the effect or existence of pinhole defects cannot be mitigated, it
becomes important to understand the effect they play in monolayer formation and
electron transfer. Pinhole detection has been attempted either by chemical modification or
polymer coverage on the surface. High resolution microscopy techniques like scanning
tunneling microscopy (STM) and shear force scanning electrochemical microscopy
(shear–SECM) has also been employed to study pinholes. These techniques were
generally employed to study pinhole defects on Au (111) and it was concluded SAMs
always occur with pinholes/defects. Attempts were made to decrease pinhole density and
with improved experimental conditions pinhole density of 500 pinholes/cm2 was found
on evaporated gold electrodes. Electron transfer was seen to occur through pinholes on
annealed SAMs with physisorbed methylene blue.
There are other kinds of defects also in gold like collapsed sites which are found
primarily along kinks, edges and grain boundaries. Rowe et al. have studied defects on
alkanethiol monolayers on polycrystalline gold surface.207 They used oxide stripping
methods along with scanning electron microscopy and scanning tunneling microscopy to
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study the defect sites. They have tried to produce a suitable substrate for alkanethiol
immobilization after etching the surface with aqua regia and they attributed microscopic
roughness as well as presence of crystal grain boundaries as the key factors for surface
roughness in polycrystalline gold. Gooding et al. studied different kinds of gold
substrates with self-assembled monolayers to understand the surface roughness
characteristics via scanning tunneling microscopy and electrochemistry.208 They
concluded that the stability of alkanethiol SAMs onto varying gold substrates was
independent of thiol adsorption but was more dependent on the presence of grain
boundaries. Bulk gold surfaces which contain fewer grain boundaries have been shown to
have fewer defects than smooth evaporated gold surfaces with more grain boundaries.209
Porter et al. studied and used reductive desorption to study the effective desorption
potential of self-assembled monolayers and concluded that larger grains with fewer grain
boundaries form more stable SAMs as the desorption potential was higher.210 Scanning
tunneling microscopy has been extensively used to study domain sizes and it has been
found that thermal annealing of polycrystalline gold leads to formation of more packed
alkanethiol molecules on them due to stability and increase in the grain sizes.211 The
studies were performed in room temperatures and the SAMs were seen to have various
stable conformations. The NPG surface has pore and ligament sizes usually greater than
8-10 nm and thus the type of defects in these sites can vary based on the microscopic or
macroscopic defects on the gold surface. Hodge et al. studied the grain sizes of
electrochemically prepared NPG for a binary alloy mixture and concluded that with the
pore size of 40-100 nm the grain sizes were typically >50 nm.212 Transmission electron
microscopy and X-ray diffraction studies were conducted on gold foams to estimate the
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grain sizes. Erlebacher et al. reported a grain size of 10 µm for dealloyed NPG leaf and
concluded that the grain sizes may vary for different prepared nanomaterials.8
Salverezza et al. studied thiolate desorption on nanostructured gold and
compared it to polycrystalline gold.213 They found that SAMs were more stable on
nanostructured gold which could be attributed to the presence of defects and vacancies
where the bond formation appeared to be more stable. They used scanning tunneling
microscopy to probe the SAMs on nanostructured gold (400-500 nm in height and 10-20
nm diameter) and found them to be stable for 6 weeks. Salverezza et al also studied
butanethiol adsorption onto planar, nanocurved and irregular gold surfaces and found the
rate of desorption to be less on irregular gold surfaces.214 The nanoparticle size for their
study was 10 nm, which showed stable SAM formation as compared to planar gold due to
curvature effects and also presence of defect sites. Nanostructured gold (>10 nm) also
favored strong gold-thiolate bonds due to presence of defects but surface coverage
remained similar to planar gold since curvature effects were mitigated. However, thiol
stability in air in increasing order is planar gold < gold nanoparticle < nanostructured
gold. The effect of surface roughness can thus be seen on stability of thiolate SAMs and
we tend to propose a comprehensive study to examine the stability of SAMs on
nanoporous gold and flat gold using alkanethiolate solutions and carbohydrate moieties
which are terminated by a thiol group.
In our present study, we prepare NPG by dealloying a binary mixture of gold and
silver using electrodeposition potential of -1.0 V for 10 min. We studied alkanethiol
solutions on nanoporous gold (varying chain length from C8-C16) and compared them
with a flat gold surface. There was an increase in charge transfer resistance on both the
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surfaces with an increase in chain length. We also tried to vary the terminal functional
groups on the SAMs and studied 8-mercapto-1-octanol and mercaptododecanoic acid on
the surface. We compared Man-C8-SH and Man-C12-SH along with Gal-C8-SH and GalC12-SH and Peg (HO-PEG2-SH) on NPG and flat gold surface. Since we are interested in
biomolecule recognition on conjugation with mannose and galactose molecules, it was
imperative that we study the SAMs on surfaces to know their stability on the nanoporous
gold surface prepared by us as compared to flat gold. Since previous studies in the lab
have indicated mixed SAMs to show better response on gold surfaces as compared to
single SAMs, a comparative study of mixed SAMs was attempted and lectin
immobilization was carried out to attain the final response upon biomolecule
immobilization. Surface coverage of the SAMs on the surface of NPG and flat gold were
also analyzed. Electrochemical impedance spectroscopy and cyclic voltammetry studies
were performed to analyze the interfacial behavior and the data from the EIS have been
reported. Charge transfer resistance, double-layer capacitance, apparent electron transfer
rate constants along with the Nyquist plots have been shown for the alkanethiols and the
carbohydrate moieties. Pore wetting and probe penetration was clearly apparent in the
nanoporous gold surface analysis.
Carbohydrates are widely researched complex biomolecules. They form the basis
of various studies as the cell surface has carbohydrate decorations all around it in the
form glycolipids, proteoglycans, glycoproteins etc.
4.2

Surface area characterization of nanoporous gold and flat gold
The NPG under investigation has been electrodeposited at -1.0 V and as shown in

Figure 3.1 has a shell like structure around the wire whereas electrodepositions at other
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potentials lead to a bushy tree- like or a more random distribution of NPG around the
wire. The pore sizes of NPG herein vary from 10-100 nm and the thickness of NPG
around the gold wire is approximately 10 µm as calculated from SEM studies using high
magnification side view images and manually measuring the thickness using the scale
bar.
Electrochemical characterization of the NPG and the bare gold wires were carried
out in 0.5 M H2SO4 to estimate the surface coverage as shown in Figure 4.1.

Figure 4.1. Cyclic voltammograms for nanoporous gold has been plotted for the surface
area in 0.5 M H2SO4.
The surface area has been plotted in 0.5 M H2SO4 at scan rate of 100 mV/sec. The
surface coverage of NPG covered Au wire was estimated to be 12.81 ± 0.5 cm2 as
compared to a flat gold wire where the geometric area is determined to be 0.032 cm2 and
the electrochemical surface area using the oxide stripping method as shown in Figure 3.4
is 0.05 cm2. A conversion factor of 450 µC/cm2 was used to integrate the area under the
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peak as obtained between 0.8 V and 1.2 V.158 Cyclic voltammetry and electrochemical
impedance spectroscopy methods were employed to study the NPG and flat gold
surfaces.
EIS was employed to get the resistance and capacitance parameters on NPG and
flat gold surface as shown in Figure 4.2.

Figure 4.2. Nyquist plots for bare gold and NPG wire
The Nyquist plot for the bare gold wire shows a large characteristic Warburg
impedance at low frequencies and a semicircle at high frequencies indicative of a charge
transfer resistance. For flat gold (meaning Au wire), the solution resistance values are
43.92 Ω, with a constant phase element of 2.73 x 10-6 S.sn, charge transfer resistance of
796 Ω and n being 0.88. These values were obtained after fitting to an equivalent circuit
model. The Nyquist plot for NPG; however, gives almost a straight line without
formation of a semicircle and the charge transfer resistance values along with other
parameters are difficult to obtain as the error > 5% in the case of NPG. Since we don’t
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get a semicircle formation in case of NPG it can be assumed that the Faradaic
contribution is less than the capacitive contribution here.
4.3

EIS characterization of alkanethiol molecules on flat gold and nanoporous
gold
There have been various techniques employed to characterize alkanethiolate

SAMs on the surface of flat gold. Primary among them have been ellipsometry,215
electrochemical techniques like EIS,216 and infrared reflection absorption spectroscopy,208
which have given valuable insights regarding SAM thickness, formation and the location
of defect sites for SAM immobilization on the surface.
Charge Transfer Resistance. SAM orientation and packing on the surface of NPG
and flat gold are studied using the parameters generated by fitting the Nyquist plots to the
equivalent circuit model, namely charge transfer resistance and double-layer capacitance.
These parameters are also extremely sensitive to any changes on the electrode interface
and thus are a good measure of SAM packing onto the surface. We have already
discussed about defect sites being an important parameter for SAM packing and
orientation and thus a study of charge transfer resistance values helped us assess the SAM
stability with increasing chain length for the alkanethiolate species. EIS is used more
comprehensively than other electrochemical techniques like CV, which can be attributed
to the fact that it is less affected by background current due to electric double-layer
charging.217 Charge transfer resistance is the resistance posed by the SAMs in their
hindering of the electrons to pass to the metal surface across the interface to and from the
redox probe molecule. It has been seen in previous studies that there is an increase in the
value of charge transfer resistance on increasing the chain length for the SAMs.218 Figure
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4.3 shows the Nyquist plots for the NPG and the flat gold wire where an increasing trend
for charge transfer resistance can be seen which is also characteristic of the increasing
size of the semicircle in the Nyquist plot. Since we did 4 sets of wires where the
semicircle diameter varied for wires subjected to the same conditions we present a
representative plot for each SAM.

Figure 4.3. Nyquist plots for bare gold and NPG wire after subsequent alkanethiolate
immobilization for more than 17 hr.
In the Nyquist plots as shown in Figure 4.3, we do not see the Warburg diffusion line
which leads us to conclude that the process is kinetically driven which also indicate that
there is good SAM packing and the SAMs are blocking the passage of electrons
effectively.
Figure 4.4 shows the increasing trend for charge transfer resistance for both
NPG and flat gold. The increase for the charge transfer resistance based on chain length
is similar on the NPG and flat gold surfaces. However, these are directly fitted values that
do not account for the large difference in area between flat gold and NPG electrodes. It is
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anticipated that modification of the NPG surface with alkanethiols will make the surface
hydrophobic and this may limit wetting of the internal surfaces by the electrolyte
solution. The observation of similar charge transfer resistance values for fitting of data
from flat gold and NPG modified with these alkanethiols suggests that similar areas may
be actually accessible to the electrolyte solution during the measurement. However, it is
also possible that there is some degree of difference in ordering of the alkanethiol
hydrocarbon chains for SAMs on these two different gold surfaces. It is difficult to know
exactly how much of the internal surface of NPG made hydrophobic by modification
with alkanethiols is actually wetted and penetrated by the solution. The surface of NPG is
rough and as compared to flat gold or atomically flat surfaces it has been seen that SAM
stability increases more on rough surfaces when the chain length is increased due to chain
interlocking and also more van der Waals interaction forces coming into effect.68 The
values for the circuit parameters for SAM immobilization on both flat and NPG surfaces
are as listed in Table 4.1.
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Figure 4.4.

Charge transfer resistance values for NPG and flat gold for different

alkanethiolate SAMs.
Table 4.1 EIS data summary for alkanethiolate SAMs on NPG and flat gold.
SAM

Surface

Octanethiol

GW
NPG
GW
NPG
GW
NPG
GW
NPG

Decanethiol
Dodecanethiol
Tetradecanethiol

CPE
(S sn)
7.63×10-8
2.29×10-7
9.73×10-8
1.74×10-7
6.69×10-8
2.52×10-7
6.9x10-8
6.37x10-8

n
0.97
0.96
0.96
0.95
0.97
0.90
0.96
0.96

Rct
(Ω)
309000
251000
1460000
1262000
1820000
1860000
2530000
2760000

Rct (Ω cm2)
9688
3.21x106
46720
1.62x107
58240
2.38x107
80960
3.54x107

Each value in the table represents the value of the wire corresponding to the average
values for a set of 3 wires. The charge resistance values are normalized by taking surface
areas into consideration where the gold surface area is 0.032 cm2 and the NPG area
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determined by oxide stripping is 12.81 cm2. The raw Rct fit values are multiplied by the
surface area to give units of Ω cm2.
The charge transfer resistance upon taking area considerations for the alkanethiols on the
gold wire and the NPG show that these nominal values on NPG are much higher as the
surface area is approximately 300 times more than the flat gold wire as shown in Figure
4.5. However, the trend of Rct with increasing chain length is very similar.

Figure 4.5. Charge transfer resistance values for alkanethiolates on gold wire and NPG
after taking surface areas into consideration.
The charge transfer resistances are used for the calculation of the apparent
electron transfer rate. The value for charge transfer resistance is attained by fitting the
Nyquist plot to the equivalent circuit model and then taking the geometric area of the
wires under consideration for attaining the apparent electron transfer rate. The electron
transfer rates gives an estimation of the surface coverage of SAMs as they can predict the
effect of defect sites on the surface.219 The electron transfer rates can be calculated as
given by the equation 4.1.
                                                                                                      𝑘!"" =   𝑅𝑇/𝑛! 𝐹 ! 𝑅!" 𝐶
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(4.1)

Here kapp is the apparent electron transfer rate in units of cm sec-1, T is the temperature in
Kelvin (293K for our estimations), n is the number of moles of electron exchanged in the
ferric cyanide redox reaction (n=1), F is the Faraday’s constant (F=96485 C/mole), R is
the gas constant, Rct is the charge transfer resistance obtained from fitting multiplied by
the geometric area of the electrode (to give units of Ω cm2) and C is the concentration of
the redox couple (units of molcm-3). The oxide stripping area for the NPG covered gold
wires of 12.81 cm2 and the gold surface area of 0.032 cm2 for the gold wires alone were
used for the charge transfer resistance calculations.
The log of the electron transfer rates for the alkanethiol SAMs are shown in
Figure 4.6. Since the electron transfer rate measures the electron kinetics across the
interface it is heavily dependent on the presence of pinhole defects on the surface of NPG
after SAM immobilization. Since there is increased stability in the SAMs as the chain
length increases the electron transfer rate is seen to decrease as we increase the chain
length. Electron transfer in literature is seen to be dependent on 3 factors namely the
presence of pinhole defects, presence of collapsed sites and the non-adiabatic electron
tunneling across SAMs.220 Thus the transfer rate can be assumed to be heavily dependent
on defects, grain boundaries, solvents trapped in the system etc. The values of electron
transfer rates in literature are similar to what has been found experimentally as reported
in Table 4.2 and flat gold shows a decrease in electron transfer rates when SAMs are
immobilized on it.221
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Figure 4.6. Log of electron transfer rates for the alkanethiolate solutions are plotted for
both NPG and flat gold.
Table 4.2 Electron transfer rate values for NPG and flat gold
SAM

Surface

Octanethiol

GW
NPG
GW
NPG
GW
NPG
GW
NPG

Decanethiol
Dodecanethiol
Tetradecanethiol

kapp
(cm sec-1)
5.25×10-6
1.62×10-8
1.11×10-6
3.22×10-9
6.03×10-7
2.18×10-9
7.32x10-7
1.47x10-9

log
(kapp)
-5.28
-7.79
-5.95
-8.49
-6.22
-8.66
-6.14
-8.83

The electron transfer rates are shown to nearly approach a limiting value from
dodecanethiol and tetradecanethiol is shown to have the lowest electron transfer rate
denoting also that the SAMs are more ordered and packed on the surface for longer chain
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lengths. This can be attributed to fewer defect sites when longer chained SAMs are
immobilized on the surface. The surface area for NPG as determined by oxide stripping
method is 12.81 cm2; However, when the electron transfer rates are calculated using the
oxide stripping value of area, a series of much lower values of kapp for the SAMs on NPG
is attained. The surface of NPG is curved and irregular does and is not expected to have
the same electron transfer rates as seen on flat gold as calculated using the geometric
area. We thus see an increase in charge transfer resistance and a decrease in the apparent
electron rates on the surface of both NPG and flat gold as higher chain length SAMs
present a more ordered surface with fewer irregularities or defects. If the aqueous
solution does not wet the hydrophobic interior surface of the NPG, then electron transfer
rate constants calculated using the full estimated area of the NPG surface of 12.81 cm2
may be artificially low by a significant factor. The calculated values on NPG using the
full NPG surface area are lower than those on flat gold by almost three orders of
magnitude, which is roughly consistent with the ratio 12.81 cm2 / 0.032 cm2 = 400 for the
amplification of total surface area. This observation alone suggests that the internal
surfaces of NPG when it has been made hydrophobic by surface modification are not
fully wetted by the external electrolyte solution. It is difficult to imagine decreases in
electron transfer rates by almost three orders of magnitude being largely attributed to
differences in chain ordering for the same molecule between the two surfaces since on
flat gold the entire decrease in the electron transfer rate is only barely a factor of 10 upon
increasing the chain length from 8 to 14 carbons.
Double-Layer Capacitance. The value for double layer capacitance (Cdl) is
substituted by a constant phase element (CPE) in the equivalent circuit model as NPG
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shows frequency dispersion. The morphology of the NPG electrodes which does not
behave like an ideal resistor and capacitor and in most studies wherein a rough electrode
surface is being studied the double-layer capacitance is replaced by a constant phase
element.222 There are many theories to account for this behavior in porous electrodes.
Due to the dominance of microscopic roughness in the electrodes it can be said that the
solution resistance values keep fluctuating which is seen in our study as well and thus the
resistive and the capacitive terms become very difficult to distinguish. This is because the
current density through the electrode is not uniform and tends to vary based on the
roughness, and surface geometry of the electrode. There are other studies also that try to
establish capacitive behavior as dominant and fairly independent of any solution
resistance parameters. Pajkossy et al. studied rough platinum electrodes and concluded
that rough electrodes have capacitive dispersion based on not only the interfacial
behavior but also the adsorption effects.223 However, we base our study on using the
value of CPE in order to compute the values of Cdl based on fitting to the equivalent
circuit model. The value of n = 1 for a pure capacitor and n = 0 for a pure resistor.
However as seen in Table 4.1 the values of n for the thiolate SAMs are all less than 1.
Hence the Cdl can be computed as shown in equation 4.2.
𝐶𝑑𝑙 ! =

!
!! !! !  !!" !!
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                                                                                              (4.2)

In the above equation, Q is the value of CPE in Ssn and Rs and Rct are the solution
resistance values in Ω. The value of n is between 0 and 1 and it does not have any
specific known relation with the surface roughness for any given electrode.
The values for double-layer capacitance for the alkanethiolate SAMs are computed
as shown in Table 4.3 and the mean Cdl is plotted versus the alkanethiolate SAMs in
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Figure 4.7. The values for mean Cdl are computed for both NPG and flat gold wire based
on the geometric area of the wires and not on the area of the NPG as per the oxide
stripping peak. This is in order to enable an effective comparison for the same. The Cdl
value for flat gold without any SAM is 9.55 x 10-6 F and after area consideration is 30
µF/cm2.
Table 4.3 Cdl values for SAMs immobilized on NPG and flat gold surface
SAM
Octanethiol
Decanethiol
Dodecanethiol
Tetradecanethiol

Surface
GW
NPG
GW
NPG
GW
NPG
GW
NPG

Cdl (F)
Cdl(µF/cm2)
5.53×10-8
1.728
-7
1.52×10
0.018
5.74×10-8
1.83
-7
1.02×10
0.01
4.37×10-8
1.36
-8
7.89×10
0.0057
3.97x10-8
1.14
3.60x10-8
0.0035

There have been other groups who have all studied the bare flat gold double-layer
capacitance and most of the studies found the values of capacitance for this double layer
to be in the range of 20-45 µF/cm2, similar to the value obtained here.217,224
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Figure 4.7. Cdl values plotted for the alkanethiolate SAMs on NPG and flat gold surface.
The right panel
There was a trend, which saw the decrease in double-layer capacitance once
SAM was formed onto the NPG and flat gold electrodes. The mean value of Cdl thus
shows a similar characteristic trend. The value for CPE was computed after fitting the
data on the equivalent circuit model and Cdl was calculated as shown in equation 4.2.
Loiacono et al. studied thiol monolayers on polycrystalline gold surface and found a
similar trend of decreasing capacitance on increasing the number of carbon atoms in the
chain.225 They went on to explain the dense packing of the monolayers once the chain
length is increased and also studied hydrophilic groups on the surface to study wettability
properties of the gold surface on introduction of different terminal head groups like
carboxylic acid groups, which makes the SAM hydrophilic.
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4.4

EIS characterization of carbohydrate moieties on nanoporous gold and flat
gold
There is an abundance of carbohydrates on the cell surface,226 and since they are

involved in several important cell functions which include communication, recognition of
viral and bacterial infections, fertilization and also protein carbohydrate interactions,227 it
becomes imperative that we try to study these interactions using a solid support like
nanoporous gold with is highly stable and has a large surface area. The gold-sulfur bonds
formed aids in carbohydrate immobilization onto solid supports if they are terminated by
a thiol group. We are interested in studying lectin-carbohydrate interactions but in order
to do so we need to study carbohydrates on the surface of NPG and also see the packing
and orientation of carbohydrate moieties on NPG and flat gold. The carbohydrate
moieties as studied by us for formation of monolayers are as shown in Figure 4.8.

Figure 4.8. Mannose and galactose moieties along with diluting PEG molecule was
studied on the surface of NPG and flat gold.
There are many techniques that can be employed to immobilize carbohydrates on
the surface of NPG like click chemistry reactions,228 affinity attachment reactions,229 etc.
with the simplest being direct attachment by use of thiolated terminal groups. The goal of
this project was ultimately to model protein-carbohydrate interactions and thus studying
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of these carbohydrate moieties on the surface of NPG and gold assumed immense
importance.
We use a label-free technique like EIS to study the SAMs of thiolated glycosides
onto the surface of NPG and flat gold as any change in the interfacial behavior leads to a
change in the charge transfer resistance and constant phase element, which are highly
sensitive to any interfacial change. Since we wanted to model the binding behavior of
lectins with carbohydrates, the study was performed as a comparison between the NPG
and flat gold surface to see effects brought on by the curved structure of NPG.
Charge Transfer Resistance. The Nyquist plots for the 4 different thiolated
glycosides are plotted as shown in Figure 4.8 with their electrochemical parameters as
modeled using equivalent circuit model is given in Table 4.4. The charge transfer
resistance is seen to increase when we increase the chain length for the thiolated
mannoside. However, the increase in the charge transfer for the thiolated galactoside
species is not very prominent with an increase in chain length as seen in Figure 4.9.

Figure 4.9. Nyquist plots for bare gold and NPG wire after immobilization with the
thiolated glycosides.
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A characteristic semicircle for the Nyquist plots is clearly evident on the gold
wires whereas we tend to see a characteristic Warburg diffusion line for the glycosides on
NPG at low frequencies and a suppressed semicircle at low frequencies. This can be
attributed to the curved ligamentatious structure of NPG and the large surface area, which
leads to less penetration of the redox couple due to the intertwined structure, and lower
values of charge transfer resistance. Since the Nyquist plot for the diluting molecule was
very small it was not represented in Figure 4.9.
Table 4.4 EIS data summary for thiolated glycosides and diluting molecule on NPG and
flat gold.
SAM

Surface

Man-C8-SH

GW
NPG
GW
NPG
GW
NPG
GW
NPG
GW
NPG

Man-C12-SH
Gal-C8-SH
Gal-C12-SH
PEG

CPE
(S sn)
3.07×10-7
6.1×10-5
2.44×10-7
5.0×10-5
4.15×10-7
3.92×10-5
2.91x10-7
1.39x10-5
4.68x10-7
5.5x10-5

n
0.94
0.95
0.93
0.94
0.94
0.96
0.92
0.84
0.95
0.98

Rct
(Ω)
419000
14000
675500
17200
415000
11700
215000
20830
37800
144.1

Rct
(Ω cm2)
13408
179340
21616
220332
13280
149877
6880
266832
1210
1846

There is a clear increase in charge transfer resistance when the number of carbons are
increased from C8 to C12 and mannose shows better SAM packing on flat gold surface
as compared to galactose whereas on NPG galactose shows better SAM packing as
compared to mannose. These experiments were performed in a set of 3 wires and the
subsequent values determined by fitting. For both the galactose and the mannose
glycosides there is better SAM packing on flat gold surface as compared to NPG which
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can be attributed to the structure of NPG and the SAM packing on NPG surface which is
hindered due to the bulky terminal carbohydrate group.

Figure 4.10. Charge transfer resistance plots without taking the area into account for
NPG and flat gold wire with thiolated glycosides and diluent molecule.
The electron transfer rates are also calculated based on Equation 4.1 and computed
in Table 4.5.
Table 4.5 Electron transfer values for glycosides and the diluting species PEG.
SAM

Surface

Man-C8-SH

GW
NPG
GW
NPG
GW
NPG
GW
NPG
GW
NPG

Man-C12-SH
Gal-C8-SH
Gal-C12-SH
PEG
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kapp
(cm sec-1)
3.88×10-6
2.89×10-7
2.41×10-6
2.36×10-7
3.92×10-6
4.02×10-7
7.56x10-6
1.95x10-7
4.29x10-5
2.82x10-5

log
(kapp)
-5.41
-6.54
-5.62
-6.63
-5.41
-6.40
-5.12
-6.71
-4.37
-4.55

The value of apparent electron rate constant decreases when we increase the chain length
as was seen from alkanethiolate monolayers as well as SAM packing increases on
increasing the number of carbon atoms to the chain. Figure 4.11 illustrates the electron
transfer rates for the wires studied.

Figure 4.11 Log of electron transfer rate constants for NPG and flat gold taking the
geometric area of gold and the oxide stripping area for NPG.
However, for the diluting molecule we see an increased electron transfer rate,
which can be attributed to the fact that since it does not have a bulky carbohydrate
terminal group, the electron transfer to the metal surface is better. The electron transfer
rate calculated on flat gold vs. NPG shows lower values on NPG for these SAMs.
However, the differences for each molecule are not as pronounced as the differences seen
for alkanethiols and are within about a factor of 10. While differences in surface coverage
and SAM structure are expected on NPG versus on flat gold for these molecules, this
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observation may be indirect evidence that when modified by hydrophilic sugar presenting
SAMs, the internal surfaces of NPG are more penetrated and wetted by the external
electrolyte solution. On a curved surface such as the ligaments of NPG, there is
potentially additional space to better accommodate the more bulky terminal sugar groups.
The observation of a very similar value of electron transfer rate as calculated on NPG and
on flat gold for the highly hydrophilic PEG derivative suggests that NPG modified by the
short chain PEG derivative is fully wetted and penetrated by the electrolyte solution. It is
important that the internal surfaces of SAM modified NPG contact the electrolyte
solution for the applications employing the higher surface area in sensor/assay
development. The results suggest that the NPG modified by these carbohydrate
presenting SAMs is penetrated more effectively by aqueous solutions than those of
alkanethiol SAMs alone, which in our estimation are poorly wetted or not wetted when
present inside NPG.
Double Layer Capacitance. The double layer capacitance values for NPG and flat
gold surface have been computed using Equation 4.2 and tabulated in Table 4.6 with the
mean Cdl being plotted for the glycosides in Figure 4.12.
Table 4.6 Cdl values for thiolated glycoside SAMs immobilized on NPG and flat gold
surface along with diluting molecule PEG.
SAM

Surface

Cdl (F)

Man-C8-SH

GW
NPG
GW
NPG
GW
NPG
GW
NPG

1.55×10-7
4.48×10-5
1.08×10-7
3.36×10-5
2.21×10-7
3.09×10-5
1.35x10-7
5.12x10-5

Man-C12-SH
Gal-C8-SH
Gal-C12-SH
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Cdl
(µF/cm2)
4.84
3.49
3.63
2.32
6.28
2.41
4.22
4.00

PEG

GW
NPG

2.76x10-7
5.55x10-5

8.63
3.83

Figure 4.12. Cdl values for thiolated glycosides and the diluting molecule PEG on bare
gold and NPG wire.
The capacitance values are seen to decrease with an increase in chain length and
are larger on NPG than on flat gold surface. The values are tabulated based on the
geometric area of the gold wires (0.032 cm2) in order to enable a comparison. The values
of CPE were generated after fitting the values obtained from the Nyquist plot to the
equivalent circuit model. For the longer chained mannose we see better SAM packing on
the surface and for studies involving mixed monolayers we have utilized thiolated C8
mannose compound for lectin carbohydrate interaction study.
4.5

EIS characterization of mixed self-assembled monolayers on nanoporous gold
and flat gold surface
The carbohydrate-lectin interaction is widely researched to understand complex

carbohydrates functions and also for protein glycosylation patterns.226 Cell surface
interactions involve carbohydrate interactions with their cognate receptor proteins or
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lectins.

Lectins have non-immune origin and they are highly specific to their

carbohydrate of interest.230 Since not many antibodies are known to bind to carbohydrates
specifically, carbohydrate-lectin interactions assume importance. Binding pockets of
lectins are shallow in nature and also solvent exposed due to which the interaction
between the carbohydrate of interest and their characteristic lectins are weak in nature.231
In order to increase the binding affinity lectins are in nature also oligomeric possessing
identical monomeric units which can bind to desired carbohydrates.232 Lectins can thus
engage in multivalent binding thus increasing the individual binding affinities. The
binding affinities of lectins to carbohydrate is seen to be weak in solution and surface
based carbohydrate arrays are utilized to study such interactions increasingly in
glycomics.233 Dendrimers and solid surfaces like NPG are used for carbohydrate
immobilization in order to increase the binding affinity between the lectin and respective
carbohydrate of interest.
Carbohydrates are increasingly being studied on solid supports like flat gold and
NPG.234 Their distribution on NPG and flat gold can be tailored to favor multivalent
interactions and in the process increase the binding affinity. Mixed self-assembled
monolayers have been increasingly studied as binding of lectins to carbohydrate units in
single monolayer is hindered due to steric hindrance.235 The mannose - Con A interaction
is characterized widely and diluting molecules have assumed importance in such
characterizations involving diluent alkanethiol terminated carbohydrate moieties where
binding affinities were seen to increase due to SAM organization on the surface with a
diluting molecule. It is thus important to know the ratio between carbohydrate and
diluting molecule and characterize them.
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In the present study an optimal binding ratio between carbohydrate and diluting
molecule has been identified. Mannose and galactose moieties were then immobilized to
study interactions with their respective lectins of interest. The response after lectin
binding was generated in order to compute the charge transfer resistance values. Since
annealed wires were prepared using a new electrochemical technique in Chapter I, we
tried to study the optimal ratio of carbohydrate on the annealed wires in order to see the
effects of increased pore sizes wherein defect sites increase on the surface of the wires.
This study utilizes SAM organization on the surface using carbohydrate monolayers and
diluent molecule to find the optimal ratio wherein the change in charge transfer resistance
is computed before and after protein binding to the surface with the thiolated mannosides
as seen in Figure 4.13.

Figure 4.13. Fractional change in charge transfer resistance with thiolated mannosides is
studied on NPG and flat gold wire.
The change in Rct is given as shown in Equation 4.3.
                                                      𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙  𝐶ℎ𝑎𝑛𝑔𝑒  𝑖𝑛  𝑅!" =
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(4.4)

The plot shows change in Rct after Con A immobilization for SAMs with different ratios
of the Man-C8-SH and PEG molecule (1:1, 1:2, 1:5, 1:7, 1:9). The response to Con A
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binding was greatest in flat gold wire at the ratio of 1:2 and for NPG the ratio of 1:9 gave
the best response. This could be attributed to the structure of NPG as when the
concentration of mannose units is lower then they are spaced away from each other
allowing Con A interaction. The Nyquist plots for NPG and flat gold at the ratio of 1:2 of
Man-C8-SH/PEG is seen in Figure 4.13. The thiolated mannoside mixed SAM gives a
semicircle characteristic of well packed monolayer coverage whereas for NPG the
increase upon Con A immobilization is not very distinct. If we lower the mannoside units
to diluent ratio further than as mannoside decreases binding affinity to Con A becomes
even less on NPG.

Figure 4.14. Nyquist plots for 1:2 ratio of Man-C8-SH/PEG on flat gold wire and NPG
wire before and after exposure to Con A (1 µg/mL).
The experiments were performed for a set of 3 wires. The charge transfer resistance
parameters were computed after fitting the EIS data in the equivalent circuit model and
bar plots showing the values are plotted in Figure 4.15.
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Figure 4.15. Bar plots showing the charge transfer resistance values as computed for the
wires before Con A and after Con A immobilization for different ratios and SAMs on a)
gold wire and b) NPG wire.
The charge transfer resistance values for flat gold wire are shown to increase after
Con A binding, which is much greater than the increase after Con A binding for NPG.
The contribution due to binding for a pure mannoside and also pure PEG is studied and
the response after Con A immobilization is not very large but the increase after Con A
immobilization in the mixed SAMs is pronounced. This ratio of 1:2 is selected for
studying modified wires. Annealed wires are subjected to the 1:2 ratio of Man-C8SH/PEG to see the change in Rct before and after Con A immobilization. Figure 4.16
shows the Nyquist plot with the bar chart comparing the charge transfer resistance across
the wires.
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Figure 4.16.

Nyquist plots for the modified and unmodified NPG wire and the

characteristic values of charge transfer resistance for the annealed wires and the NPG
wire.
The charge transfer resistance values for the wire annealed in KCl solution is
larger as compared to the wires annealed in nitrate solution and unmodified NPG wire.
This can be attributed to gold forming a complex in the chloride solution and thus the
NPG wire behaving more like the gold wire and showing a higher charge transfer
resistance than the nitrate and the perchlorate annealed wire. The charge transfer
resistance for the nitrate annealed wire and NPG wire is comparable.
A short study to observe the binding of Con A and peanut agglutinin (PNA) was
also attempted to see the adsorption onto mannose and galactose moieties as shown in
Figure 4.17.
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Figure 4.17. Nyquist plots for the set of gold wires immobilized with mannose and
galactose to see respective binding.
The 1:2 glycoside to diluent ratio was studied on gold wires for the Man-C8-SH and
Gal-C8-SH where an initial charge transfer resistance of 1.64 kΩ (n=3) was observed for
the mannose mixed SAM immobilized wires and 0.84 kΩ (n=3) for the galactose mixed
SAM modified wire. An increase in charge transfer resistance of 2.3 kΩ was seen for the
mannose wires incubated in 1µg/mL of Con A whereas after PNA (1µg/mL) incubation
the increase was less due to nonspecific adsorption and the charge transfer resistance
values were 2 kΩ. Similarly for the galactose mixed SAM the increase after PNA
incubation was 1.4 kΩ whereas after Con A immobilization charge transfer resistance
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values were only 0.83 kΩ. This study goes on to stress the importance of lectin specific
interaction with carbohydrates studied using EIS as the charge transfer resistance is
highly specific to interfacial behavior or change.
4.6

EIS characterization and comparison of different terminal groups of selfassembled monolayers on surface.
The terminal functional groups in a SAM play an important role in determining the

polarity and charge due to hydrogen-bonding thus altering the interfacial behavior.
Bowden et al investigated gold surface topography induced changes brought on by
hydrogen-bonding on interfacial behavior for carboxylic acid terminated monolayers. The
hydrogen-bonding was seen to increase on a smoother surface of gold impacting
dielectric properties.236 Loiacono studied substituted and unsubstituted alkanethiol,
alcohol thiol, carboxylic acid terminated thiol, nitrile terminated thiol to better understand
defects and monolayer packing on gold electrodes.225 Infrared spectroscopy was utilized
to understand the packing of the carbon chains on the surface of gold. They studied
capacitance parameters from electrochemical capacitance measurements and concluded
that permeability or the defectiveness does not have a direct relation with the wettability
of the gold surface. Barrier properties could thus be studied in great deal by appending
the terminal group of the SAM monolayer for permeation of the electrolyte molecule to
the surface.
The Nyquist plots for gold electrodes for mercaptododecanoic acid (MDDA) SAMs
were plotted against dodecanethiol and the flat gold and NPG wires both showed
semicircles. The plotted Nyquist plots are for gold wire alone.
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Figure 4.18.

Nyquist plots for the set of gold wires immobilized with

mercaptododecanoic acid and dodecanethiol SAMs.
We also tried to compare –OH terminated 8-mercapto-1-octanol with the respective –CH3
terminated alkanethiol. The EIS data for these wires have been analyzed and the Nyquist
plot for the flat gold wire for 8-mercapto-1-octanol and octanethiol are as shown in
Figure 4.19.

Figure 4.19. Nyquist plots for the set of gold wires immobilized with octanethiol and 8mercapto-1-octanol SAMs.
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The EIS parameters for 8-mercapto-1-octanol and mercaptododecanoic acid terminated
SAMs are as shown in Table 4.7.
Table 4.7 EIS data summary for octanol and dodecanoic acid terminated SAM
SAM

Surface

Mercaptooctanol

GW
NPG
GW
NPG

Mercaptododecanoic
acid

CPE
(S sn)
2.0×10-7
2.8×10-4
1.9×10-7
2.3×10-5

n
0.97
0.70
0.96
0.99

Rct
(Ω)
33700
13840
848900
88314

Rct
(Ω cm2)
1078
1.77x105
27165
1.13x106

The SAMs formed by both the –COOH and –OH terminated groups on gold show a
characteristic semicircle indicative of fairly good packing on the surface. However, there
is a decrease in the surface coverage when compared to NPG and flat gold for these
SAMs, which can be attributed to the surface roughness of NPG. Another feature to note
us that that the CPE values of NPG on octanol SAMs are greater than the CPE values for
MDDA. The charge transfer resistance values for the alkanethiol SAMs are larger than
both MDDA and octanol SAMs on both flat gold and NPG. The difference in value of
CPE on MDDA and octanol SAMs shows difference in SAM packing based on surface
topography of NPG and flat gold surface as introduction of a polar and bulkier negative
charged group leads to less permeation of the ions to the surface on flat gold with an
increased value of charge transfer resistance with a reverse effect on NPG. This kind of
study can be probed further to understand the surface topographic effects based on the
difference in terminal groups on flat gold and NPG.
4.7

Reductive desorption studies
Reductive desorption studies were conducted as a measure to estimate the surface

coverage of the alkanethiols and the SAMs of thiolated glycosides. The desorption
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potential was seen to increase with an increase in chain length which was common for an
increase from C8 to C12 chain length in the hydrophobic alkanethiols or the hydrophilic
glycosides. We could also see the occurrence of more than one desorption peaks for
higher chained compounds and the potential for final SAM removal has been reported for
simplification. As a comparison between NPG and flat gold, we observed more negative
desorption potentials for NPG. This could be because of the trapping of molecules with
the NPG network of ligaments and pores. Previous studies by Cortes et al. have also
illustrated such behavior of more negative potentials on nanostructured gold form as
compared to flat gold.213 They tried to demonstrate relatively higher SAM stability as
seen from desorption potentials on nanostructured gold form as compared to
polycrystalline gold (Au(111)).
The desorption graphs for the thiolated glycosides are shown in Figure 4.20 with
the values for the desorption peak and surface coverage are shown in Table 4.8.
Table 4.8 Reductive desorption data summary for thiolated glycosides.
SAM

Man-C8-SH
Man-C12-SH
Gal-C8-SH
Gal-C12-SH
PEG

Flat Gold
Wire
Desorption
Potential
(V)
-1.19
-1.29
-1.22
-1.04
-0.81

NPG
Surface
Coverage
(mol/cm2)
0.88x10-10
1.00x10-10
0.30x10-10
0.59x10-10
0.22x10-10
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Desorption
Potential
(V)
-1.24
-1.46
-1.23
-1.37
-1.14

Surface
Coverage
(mol/cm2)
2.23x10-9
2.60x10-8
1.69x10-9
1.54x10-8
2.96x10-10

Figure 4.20. Reductive desorption of SAMs on a) NPG b) flat gold surfaces for thiolated
glycosides.
Reductive desorption was carried out in 0.1 M NaOH solution at 20 mV/sec for the
NPG wires and 500 mV/sec for the gold wires as at a lower scan rate there was no peak
evident on the gold wires. For SAMs where we could see multiple peaks the integrated
area was the sum of the peaks and the oxide stripping area of flat gold and NPG was used
to calculate the surface coverage. The higher value of surface coverage on NPG as
compared to flat gold can be attributed to the relatively large background current or the
diffusion of the thiolated species from the pores to the surface of gold and readsorbing of
the species during successive cycles leading to increase in the charge where additive
effects are seen. We can attribute the presence of multiple peaks to the different faces of
gold, which have been demonstrated in earlier studies as well. Porter et al. studied long
chain alkanethiolate monolayers on polycrystalline gold and annealed gold/mica substrate
and concluded that voltammetry differences are dependent on the microscopic roughness
of surfaces.210
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Conclusion	
  	
  

4.8

We have compared nanoporous gold and flat gold in an attempt to characterize
SAMs on their surface and study them electrochemically. The notable conclusions from
the chapter are as listed.
•

Hydrophobic alkanethiol monolayers were characterized onto flat gold and NPG
surfaces and an increase in charge transfer resistance was reported for an increase
in number of carbon atoms. The double layer capacitance values were found to
decrease after SAM formation as compared to flat gold and the values for NPG
were higher than that of flat despite a direct comparison being difficult due to the
surface area difference between the two. The electron transfer rate was found to
decrease for higher chain alkanethiol monolayers due to SAM packing onto the
surface.

•

Comparison was made between the mannose and the galactose C8 and C12
moieties and with an increase in chain length we could see an increase in charge
transfer resistance. However since we are modifying the terminal functional group
with a hydrophilic compound we could see more wetting and permeation and thus
decreased value of charge transfer resistance as compared to the alkanethiols.

•

Mixed SAMs were studied on gold surface and NPG as protein binding on single
monolayer of SAM becomes difficult due to steric hindrance. The optimum ratio
for SAM and diluent was determined and galactose and mannose binding to
respective lectins was studied.

•

Hydrophilic SAMs with –COOH and –OH terminal groups were also studied and
they too showed more permeation of the electrons.
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This study provides us with a comprehensive knowledge of SAM organization on NPG
and flat gold surface and helps us understand the role of defects and grain boundaries in
SAM organization providing scope for future investigation.
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Chapter 5 STUDY OF DENDRIMERS AS LINKERS FOR LECTIN
CARBOHYDRATE INTERACTIONS
5.1

Introduction
Carbohydrate-based biosensors are being developed each day that mediate

carbohydrate based studies to understand biological processes. Carbohydrate interaction
with lectins and proteins on solid substrates help us understand similar biological
interactions occurring in living organisms. The study of such interactions can be
successfully applied in medical diagnostic applications.237 Carbohydrate-based sensing
devices have thus gained importance and are being increasingly made to detect
carbohydrate-protein interactions and the preparation of such sensing devices are gaining
importance. Various immobilization techniques are currently being used for sensor
formats. Ebran et al. synthesized carbohydrate dextran conjugate using copper catalyzed
cycloaddition to prepare a carbohydrate microarray in a 96 well polystyrene microtiter
plate.238 He studied carbohydrate-lectin interactions with Con A, wheat germ agglutinin
and erythrina crystagalli at the polystyrene water interface. The emergence of glycan
microarrays have made the study of glycan binding proteins easier as one can understand
the biological processes involved as well as study the glycan content.239 Glycan
microarrays have been assembled in the chip format, as well as in glycan libraries and
analysis of glycan binding proteins has been attempted on such systems to study cancer
antigens, pathogen-host interactions as well as glycans relevant to vaccines being
recognized.
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Carbohydrate monomers have weak interactions with their binding proteins and
thus multivalent binding of carbohydrate moieties to proteins is studied wherein the
overall effect is additive. Clustered as well as multivalent immobilization strategies for
carbohydrate binding has thus been the focus of a lot of research. There have been efforts
to synthesize multivalent linkers and ligands. Sobel et al. synthesized mono, tri or
tetravalent linker compounds to bind to homostatic protein and studied the binding
behavior of these ligands using surface plasmon resonance.240 Kretzschamar et al.
synthesized sialyl ligands which were attached to flexible templates in order to study Eselectin and P-selectin inhibitors for in vivo cell culture assay studies.241 The spacer
length was found to be dependent on the binding affinity of the receptor with the
tetrasaccharide unit. This is generally a difficult route to take as the synthesis of such
moieties is complex.
Electrochemical sensors have been based on solid substrates over the years.
Trzebinski et al. investigated glucose microarray and lactate biosensors using glass slides
which had been subsequently modified using covalent coupling chemistry with glucose
oxidase and lactase oxidase.242 Huang et al. optimized a fluorescence biosensor where the
europium complex which had been labeled with a short stranded DNA was fixated on a
glass slide making use of a hybridization reaction.243 Gold has also increasingly being
used as a substrate for electrochemical sensors.244 This has been possible because of the
convenient interaction of gold with thiol molecules and available coupling chemistry for
immobilization of carbohydrate moieties after which their interaction with protein is
finally detected using various electrochemical methods.
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5.2

Dendrimer characterization
Polyamidoamine or PAMAM dendrimers are synthetically prepared polymers that

are highly branched, uniform in size, and dense with specifically defined chemical
functionalities.141 The synthesis of dendrimers involves increasing the number of
branches of the compound leading to another molecule having almost twice the molecular
weight of the previous compound (also called increasing the generation number) and also
increasing the number of terminal groups in the end. The terminal groups in the ends can
be tailored for specific interaction studies with proteins and carbohydrates of interest.
Baker et al. have used starburst polymers in order to understand DNA binding and DNA
transfer and expression.245 The examination of plasmid DNA transfection was done using
dendrimers of different generation numbers. Dendrimers have also been used for
antibody and protein binding study in self-assembled structures on a solid substrate.
Since there are a large number of potential applications of using dendrimers, it is
imperative to characterize those using analytical techniques to know the size, shape and
geometry of dendrimers.
Studying and characterizing dendrimers using atomic force microscopy has been
previously attempted by Tomalia et al.246 Since AFM gives important information
concerning surface topography of dendrimers, the characterization of dendrimers using
AFM assumes importance. Regan and Watanabe have used a layer by layer deposition
technique wherein oppositely charged dendrimer layers where immobilized on top of one
another using K2PtCl4 and subsequently the growth of the film upon dendrimer addition
was studied.247 A linear growth was seen upon addition of another layer, which was
expected from such an analysis. Higher generation dendrimers at lower concentrations
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have been characterized. The structure of dendrimers is found to be spherical and has
been generally argued that dendrimers initially tend to form a film on substrates like mica
and then the excess dendrimers aggregate together.246
PAMAM G5 (generation 5, molar mass = 28824.81 g/mol) and G4 (generation 4,
molar mass = 14214.17 g/mol) dendrimers were studied by drop casting the required
concentrations on atomically flat mica. The mica sheets were cleaved off from the center
and concentration dependent studies were performed to estimate the ideal dendrimer
concentration to proceed with the layer by layer assembly method. The various
concentrations used along with the tapping mode AFM images are shown in Figure 5.1
for PAMAM G5 dendrimers. It was difficult to obtain lower concentration images for
PAMAM G4 as the size of the G4 dendrimer is approximately 4.5 nm and a high
resolution image of individual molecules is very difficult to attain. In comparison, it was
easier to obtain tapping mode AFM for PAMAM G5 dendrimers, which are 5.4 nm in
diameter. These compounds have been used for further studies and hence for
simplification we are reporting AFM images for PAMAM G5 alone. The PAMAM G5 is
spherical in nature and at higher concentrations is seen to form aggregates whereas at
lower concentrations it is easier to see the globular structure of PAMAM G5 dendrimers.
The measured diameter for the PAMAM G5 molecules are known to be much larger due
to AFM tip convolution and have also been studied by Tomalia et al. who have predicted
that dendrimers spread out and flatten on solid substrates.246 Therefore on solid substrates
dendrimers are known to deform due to their interaction with the substrate.
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Figure 5.1. Tapping mode-AFM topographs of PAMAM G5 on mica. Top panels
represent the amplitude images; lower panels represent the topographic images of the
same area as in top panels. (A) 3000 nm × 3000 nm, mica drop casted with 10 wt/wt %
PAMAM. Similarly, 2000 nm × 2000 nm, AFM amplitude images of PAMAM on mica
at different concentrations, for (B) 1 wt/wt %, (C) 0.05 wt/wt %, and (D) 1000 nm x 1000
nm AFM amplitude image of PAMAM on mica at 0.002 wt/wt %. (E-H) AFM
topographic images of A-D respectively.
Since there are no studies to indicate the size changes brought about by the
contact of the AFM tip on the sample surface (soft surface) like PAMAM dendrimers we
cannot conclusively point out the change in size induced due to the AFM tip. The lower
concentration of 0.002 wt/wt% dendrimer was enabling us to see globular structures,
which were consistent with literature reports. However, using this concentration for EIS
analysis and for LSPR characterization was leading to less carbohydrate loading onto the
gold surfaces and thus we used a higher concentration of 5 wt/wt % for further studies.
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5.3

AFM characterization of dendrimer conjugation to self-assembled monolayers
on gold surfaces
AFM and STM have been performed to study higher generation dendrimers on

solid substrates.248,249 Dendrimers due to their attachment onto a surface are known in
literature to undergo subsequent deformation.248 Studies have shown higher generation
dendrimers (G5 and above) to form dense monolayers on the surface, which are stable
and show polyvalent interactions. Since as we increase the generation of dendrimers their
number of terminal amine groups increases, the interaction of higher generation
dendrimers are more favored because of more contact sites. Dendrimers which are
attached to a surface do not display a spherical shape but rather an oblate hemispherical
shape.248 Ultrafast cyclic voltammetry techniques have been used to confirm this
behavior on dendrimers on solid surfaces.250 Studies performed to study gold-amine
interactions have also confirmed such geometry as such interactions are known to flatten
the dendrimer on the surface. In the presence of dissolved alkanethiols, dendrimers are
known to pile up together into pillar like structures and create sites on the surface for
alkanethiolate attachment.251
In light of such studies, we conducted an analysis to study dendrimers on the
surface of nanoporous gold plates via covalent attachment methodology using coupling
reactions with EDC/NHS. The studies were conducted by immobilizing nanoporous
plates, which were 8 mm x 8 mm x 0.25 mm and prepared by immersing in nitric acid for
48 hr. The plates were then subjected to SAM for 2 h and EDC/NHS analysis along with
dendrimer immobilization to see a visible change in surface topography. The surface of
nanoporous gold is not smooth but is bumpy and hence size approximations to ascertain
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dendrimer molecules are difficult to perform. However a change in topography or
appearance of significant bumps as shown in Figure 5.2 can be related to the presence of
dendrimer (PAMAM G5) with varying concentrations.

Figure 5.2. Tapping mode-AFM topographs of PAMAM G5 on nanoporous gold. Top
panels represent the amplitude images; lower panels represent the topographic images of
the same area as in top panels. (A) 2000 nm × 2000 nm, nanoporous gold immobilized
with 0.01 wt/wt % PAMAM G5. Similarly, (B) 1000 nm x 1000 nm and (C) 500 nm x
500 nm NPG immobilized with 0.01 wt/wt% PAMAM G5. A1, B1, C1 are topographic
images of (A), (B) and (C) respectively. (D) 2000 nm × 2000 nm, nanoporous gold
immobilized with 0.002 wt/wt % PAMAM G5. Similarly, (E) 1000 nm x 1000 nm and
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(F) 500 nm x 500 nm NPG immobilized with 0.002 wt/wt% PAMAM G5. D1, E1, F1 are
topographic images of (A), (B) and (C) respectively.
The small bumps as seen in B1 and E1 are not present on the plain NPG modified
surface and hence are characteristic of dendrimer bound on the surface. However, in our
study we don’t only use AFM for dendrimer immobilization confirmation but also
consider TGA results and LSPR studies as well, and confirmation through EIS analysis.
In order to compare the immobilizations on the NPG plates we decided to flow through
solutions after trying static incubation methods. The flow cell used was designed in the
lab and the images were taken in order to see dendrimer coverage on the inside of the
NPG plates which was achieved by cleaving the NPG plate manually and imaging the
plates subsequently. Figures 5.3 and 5.4 show the static vs. flow cell comparisons after
cleaving for PAMAM G5 dendrimers (0.002 wt/wt %). It is known in previous studies
that the flow cell has been more effective than static incubation methods for
immobilization of biomolecules or thiolated glycosides on the NPG plate.252 The flow
cell topographic images after cleaving do show more surface features (bumps and
depressions) as compared to static incubations. A lower concentration of dendrimer was
selected for this analysis as the volume of solutions required to perform such analysis was
large (5-7 mL). The images obtained using AFM from the cleaved NPG plates seem
irregular at times due to the depressions or pit like formations occurring on the NPG plate
because of handling conditions while cleaving. There seems to be better penetration of
the solutions through the NPG plates when the solutions are flown through the system
rather than in static incubations. These results also conform to previously found studies
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performed in the lab using flow cell and static incubations for biomolecule
immobilizations.252

Figure 5.3. Tapping mode AFM images obtained after flowing solution of G5 PAMAM
dendrimer onto NPG plates using EDC/NHS (5 mM) coupling chemistry. .(A) 2000 nm ×
2000 nm, peeled NPG surface after exposure to PAMAM G5. Similarly, (B) 1000 nm ×
1000 nm, (C) 500 nm x 500 nm AFM images of EDC functionalized gold surface after
exposure to PAMAM G5 (0.002 wt/wt %), (D-F) AFM topographic images of A-C.

Figure 5.4. Tapping mode AFM images obtained after static incubation of G5 PAMAM
dendrimer onto NPG plates using EDC/NHS (5 mM) coupling chemistry. .(A) 2000 nm ×
2000 nm, peeled NPG surface after exposure to PAMAM G5. Similarly, (B) 1000 nm ×
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1000 nm, (C) 500 nm x 500 nm AFM images of EDC functionalized gold surface after
exposure to PAMAM G5 (0.002 wt/wt %), (D-F) AFM topographic images of A-C.
5.4

EIS studies for protein carbohydrate reaction using coupling reaction
Enzyme immobilization onto solid surfaces has attracted many studies in recent

times.253 Study of protein carbohydrate interactions and protein immobilization by layer
by layer self-assembly has also gained importance.254 Here due to the control of
nanostructure composition, size and thickness, new effective techniques for synthesizing
electrochemical biosensors have come to the forefront without the use of expensive
instrumentation. There are studies involving protein immobilization onto self assembled
monolayers, direct electrochemistry reactions can be carried out to electrocatalyze
oxidation/reduction of the substrates. Such studies enable electron transfer kinetics study
between enzymes and the measure of protein binding affinity onto carbohydrates
mimicking the real cell environment. This makes the construction of electrochemical
biosensors feasible without much use of mediators.
Dendrimers have been incorporated in films and also used as building block for
studying nanostructured films. Since we are interested in measuring protein carbohydrate
interactions on the surface of NPG and flat gold, EIS being a label free technique proves
to be an effective method to follow changes induced at the electrode surface upon
subsequent addition of layers. Figure 5.5 clearly illustrates the mechanism for our
reaction wherein we tried to use EDC/sulfo-NHS coupling chemistry to initially
immobilize PAMAM G5 dendrimers and then the mannose compound which has been
modified with EDC/sulfo-NHS to attach to the dendrimer molecules. Figure 5.6 shows
the Nyquist plots upon addition of the 1mM SAM (mercaptododecanoic acid) overnight,
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which is then reacted with 200 mM/50 mM EDC/sulfo-NHS in water for 15 min and
modified with PAMAM G5 (5 wt/wt %) dendrimer for 2 h and mannose immobilization
(1 mM for 1 h) and Con A (2 µM) was carried out for 2 h. The use of sulfo-NHS was
found to be required since activation of the mannose derivative with NHS was found to
produce a derivative that was not soluble in water.

Figure 5.5. Schematic representation of the layer by layer assembly approach applied for
carbohydrate protein detection.
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Figure 5.6. Nyquist plots on NPG (left) and flat gold (right) for the unmodified SAM,
SAM after conjugation to G5 dendrimer and mannose, and finally after exposure of the
entire assembly to the Con A solution.
The Nyquist plots for the flat gold wires show semicircle formation showing increased
charge transfer resistance upon subsequent immobilization. The plots for NPG have a
depressed semicircle with straight line symbolizing Warburg diffusion and the charge
transfer resistance upon subsequent immobilization is seen to decrease as shown in Table
5.1.
Table 5.1 EIS summary for immobilized wires.
Immobilization

Surface

SAM

GW
NPG
GW
NPG
GW
NPG

SAM+G5+Mannose
SAM+G5+Mannose+
Con A

CPE
(Ssn)
3.68×10-7
2.98×10-5
1.56×10-7
3.59×10-5
1.58×10-7
3.49×10-5
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n
0.94
0.96
0.96
0.97
0.96
0.97

Rct
(Ω)
209100
164700
367000
23520
539000
35600

Rct
(Ωcm2)
6691
2.11x106
11744
3.01x105
17248
4.56x105

Figure 5.7.

Charge transfer resistance values of flat gold wire upon subsequent

immobilizations based on raw values and upon area considerations.
Figure 5.7 shows the change in charge transfer resistance of gold wire for the raw values
of charge transfer resistance and also the normalized value taking area considerations into
effect.
The decrease in the charge transfer resistance can be attributed to the structure of
NPG and also perhaps to changes in the electrostatic interaction with the redox probe
upon dendrimer conjugation to the lipoic acid SAM. The pKa of lipoic acid is 4.7 and
hence near neutral pH it should be negatively charged and hence experience repulsive
electrostatic interactions with the redox probe, which is negatively charged in both its
oxidized and reduced forms. The surface amines of PAMAM dendrimers have been
reported to have pKa values in the range of 7-9, and hence near neutral pH some fraction
are likely to be protonated creating positive charges that could experience favorable
electrostatic interaction with redox probe in either form. Following conjugation to
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dendrimer and mannose, the surface exposes fewer carboxylate groups and may interact
more favorably with the redox probe and hence result in a lower value of Rct.
Conjugation of the dendrimer to the SAM and addition of mannose most likely makes the
internal surfaces of NPG more hydrophilic and perhaps facilitates diffusion of the redox
probe into and out of the structure. Improved diffusion of the redox probe into and out of
the NPG will facilitate more electron transfer between the probe and the gold surface On
flat gold, due to the smoother surface we see increased resistance due to immobilizations.
This is likely because the SAMs and dendrimers are better ordered on the flat surface and
the effect of steric blockage upon dendrimer addition and protein binding dominates.
Figure 5.8 illustrates the charge transfer resistance values on NPG using the raw values
and the normalized area values (area being 12.81 cm2).

Figure 5.8. Charge transfer resistance values of NPG upon subsequent immobilizations
based on raw values and upon area considerations.
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We have thus successfully detected protein onto our surface with the help of EIS
and seen a better self by self-assembly organization in case of flat gold than nanoporous
gold owing to structural differences between the two. We thus wanted to confirm these
optimized conditions for detecting protein-carbohydrate interactions using techniques like
LSPR and TGA where we can be certain of subsequent immobilizations and also
calculate for the surface coverage for SAMs and dendrimers on the surface of NPG and
flat gold.
5.5

LSPR characterization of protein carbohydrate interaction using dendrimers
Gold nanoparticles have been utilized for their various optical in sensor applications

where they can show enhanced characteristics. The LSPR properties exhibited by gold in
the visible region are a result of electron oscillation in the conduction band of gold
exposed to an incident electromagnetic radiation in a specific wavelength range. Since we
wanted to confirm immobilization of Con A onto the surface as well as dendrimer
conjugation, we utilized LSPR to study the shift in peak LSPR wavelength. The LSPR
studies were however conducted on a nanostructured gold film as NPG failed to show
any LSPR peak. Figure 5.9 illustrates the shift in peak wavelength and also shows and
SEM image of the nanostructured gold film (NGF) which contains block shaped features
resembling gold nanorods measuring approximately 200 nm in length and 100 nm in
width.
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Figure 5.9. a) LSPR spectra of mannose - Con A interaction on G5 modified NGF
surface b) SEM images of the nanostructured gold film (NGF) surface.
The shift in peak wavelength after SAM immobilization was 2-3 nm but the
shift was more pronounced after immobilization with PAMAM G5 dendrimer as the
dendrimer size is 5.4 nm and the shift of 4-4.5 nm was seen. This shift was further
enhanced on immobilization of Con A and an additional subsequent shift of 5-6 nm.
Therefore, the step by step immobilization strategy seems to be effective in constructing
the biosensor. However, the immobilization time (1 hour for LSPR for G5 dendrimer was
different as compared to EIS studies as the studies here were conducted in a small Teflon
flow cell with the volume being kept constant at 1 mL which is flowed through the
nanostructured gold film for immobilizations. We immobilized the SAM on the
nanostructured gold film by flowing through the solution in mercaptododecanoic acid for
2 hours rather than in overnight conditions for SAM studies and the PAMAM G5
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dendrimer immobilization time was reduced to 1 h for LSPR analysis. The NGF is not a
porous structure and thus its was deemed acceptable to reduce these times.
5.6

TGA analysis of dendrimer coverage
TGA presents a method with which we can analyze the loading capacity for

dendrimers onto nanoporous gold samples which are large enough and have a high
enough surface area such that a sufficient mass change will occur if the molecules are
decomposed and removed by heating to high enough temperatures. The nanoporous gold
plate is however more complex, and knowing the accurate loading capacity becomes
difficult. Such analysis cannot be performed in situ but TGA is a good methods for
assessing the loading capacity when spectroscopic detections are difficult. TGA has been
successfully used to study ligand binding behavior onto gold nanoparticles
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and in

some studies to detect mass changes as low as 0.1 µg. TGA presents an attractive method
for analyzing nanoporous gold monoliths as gold has a high melting point (1064 oC) and
decomposition of SAMs are usually found to occur in the rage of 170-300 oC during the
TGA measurements. This leads to decomposition of the layers successfully to study the
loading capacity of nanoporous gold.
In the present study mercaptododecanoic acid SAMs were immobilized onto the
surface and then PAMAM G5 dendrimer immobilizations were performed to analyze the
surface loading as shown in Figure 5.10
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Figure 5.10. Thermogravimetric analysis of SAM and G5 dendrimers onto nanoporous
gold monoliths of 0.8 mm x 0.8 mm x 0.25 mm.
Table 5.2 gives the mass loss % and using an estimated specific surface area of
nanoporous gold monolith of 6.4 m2/g the mass losses are computed.
Table 5.2 TGA summary for mass losses on SAM and dendrimer immobilization
Immobilization
SAM
SAM+G5

Weight %
0.88
1.03

mg/m2
1.26
1.39

This study needs also to be expanded for determining the protein bound to the surface of
mannose using TGA. Previous studies had mixed SAMs studied on NPG monoliths and
subsequent protein coverage determined. The molar mass of a G5 dendrimer is reported
as 28,826 g mol-1. A surface coverage of G5 of 0.13 mg m-2 would correspond to 2.7 x
1015 G5 molecules m-2 or to a value of 368 nm2 per G5 molecule. The footprint of a G5
molecule on the gold surface can be estimated to be near 25 nm2. Thus, this crude
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estimate, warranting further detailed study, suggests modest but significant coverage of
the NPG surfaces by G5 dendrimer under the current experimental protocols.
5.7

Conclusions
The conclusions from studies on carbohydrate lectin interactions can be
summarized as follows.
•

Dendrimers have been successfully immobilized covalently on nanoporous
gold and flat gold and studied using EIS to determine electrochemical
parameters like charge transfer resistance, capacitance etc.

•

They have been characterized using AFM and LSPR to prove that G5
dendrimer assembly is on the surface of nanoporous gold and flat gold. G5
dendrimers known to be spherical in shape on the surface of mica or NPG
assume a hemispherical oblate configuration.

•

The dendrimer units are more spread out on the NPG surface due to the
porous structure of NPG whereas there is a more even coverage on flat gold
as is evident from the EIS studies.

•

TGA analysis has been carried out to study the dendrimer unit surface
coverage onto SAM modified NPG.
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